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Abstract 
Vertically aligned titanium dioxide (TiO2) nanotube arrays, grown directly on 
titanium (Ti) plates by the anodization method, have superior physical properties and 
low cost, with great potential for a broad range of applications, such as solar cells, 
photocatalysis and supercapacitors. Moreover, its outstanding resistance to corrosion 
and excellent biocompatibility make the TiO2 nanotube array a promising candidate 
for bio-implants. For practical applications, it is necessary to understand the 
mechanical behaviour of these nanotube arrays to maintain system reliability and 
structural integrity. Until now, however, there has been little investigation on 
mechanical behaviour of the TiO2 nanotube array owing to the technical difficulties 
in conducting relevant tests at micro- and nano- scales. With recent advances in 
characterization, manipulation and simulation at nanoscale, it is now feasible to 
investigate the mechanical properties of TiO2 nanotube arrays.  
In this work, the main focus is to investigate the structure-property relations in 
TiO2 nanotube array. Comprehensive experimental investigation and numerical 
simulations have been carried out to understand the mechanical behaviour of single 
nanotube, micron-sized nanotube pillar and nanotube arrays. Elastic modulus, 
hardness and friction coefficient are evaluated using nanoindentation and molecular 
dynamics (MD) modelling techniques. The effects of loading conditions and the 
shape of indenter tips on the mechanical behaviour of TiO2 nanotube arrays are 
investigated. Moreover, the underlying deformation and failure mechanisms are also 
discussed. The outcomes of this work will be beneficial to future development of 
TiO2 nanotube arrays and other nanostructures.  
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Firstly, the mechanical behaviour of TiO2 nanotube arrays has been explored 
utilizing the nanoindentation technique. It can be found that the load–displacement 
curves of nanotube arrays are strongly dependent on the indentation depth and the 
shape of the indenter tip. The substrate-independent elastic moduli of the arrays can 
be determined when the indentation depth is less than 2.5% of the array thickness. 
The underlying deformation mechanisms of TiO2 nanotube arrays under Berkovich 
tip and spherical tip are closely correlated to the densification process of TiO2 
nanotubes under compression. In addition, a theoretical model is proposed to predict 
the load–displacement curves under a large-radius spherical tip. It gives a nonlinear 
relation between indentation load (F) and indentation depth (h) for the TiO2 nanotube 
array with F~h2.9. 
Then, the compressive behaviour of micron-sized TiO2 nanotube pillars has 
been investigated. Remarkable displacement bursts have been observed in the load–
displacement curves. These displacement bursts result from the unstable deformation 
events during the densification of pillars. Before the occurrence of significant bursts, 
the nonlinear stress-strain (σ–ε) relation (σ~ε2.2) can be obtained using a densification 
model. The size effect in the micron-sized pillars is investigated as well. It is found 
that the stress corresponding to the initiation of displacement burst is insensitive to 
the pillar size. In addition, significant inter-tube interactions have been observed 
under compressive loading, confirmed by MD simulations. 
The scratch behaviour of TiO2 nanotube arrays has also been investigated by 
nanoscratch tests. It is found that its scratch performance depends on the indenter tip. 
Due to the effect of lateral loading, TiO2 nanotubes start to bend followed by fracture 
along the loading direction. The failed nanotubes are further crushed into small 
fragments and form a densified layer. Vertical cracks are found along the scratching 
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direction, responsible for the fluctuation of measured friction coefficient. A 
theoretical model is also proposed to explain the effects of both normal load and tip 
shape on the friction coefficient. 
Finally, MD simulations have been conducted to study the mechanical 
behaviour of individual TiO2 nanotubes. Simulation results demonstrate that 
crystalline (rutile) TiO2 nanotubes have much higher elastic modulus and ultimate 
strength than that of amorphous nanotubes. Under tensile loading, rutile nanotubes 
fail in the form of brittle fracture. On the other hand, amorphous TiO2 nanotubes 
demonstrate significant ductility (up to 30%). This can be attributed to a ‘repairing’ 
mechanism due to bond reconstructions at under-coordinated sites, as well as energy 
dissipation by converting those over-coordinated sites back to the regular-
coordinated (6-fold) sites. Besides, it is also unveiled that the fracture strength of 
rutile nanotubes has strong surface dependence. 
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Chapter 1 Introduction 
The TiO2 nanotube array recently is drawing increasing attention for its 
promising applications in lithium-ion batteries, solar cells, and biomedical implants. 
To take full advantage of its superior physical and chemical properties, it is essential 
to maintain the adequate mechanical integrity of such array in various applications. 
However, the mechanical behaviour of the TiO2 nanotube array has not been well 
explored and understood. Therefore, in this thesis, nanoindentation tests and 
molecular dynamics simulations are extensively conducted to explore the strong 
structure-property relations in the TiO2 nanotube array. This chapter outlines the 
research background (section 1.1), research problem (section 1.2), and research aims 
and objectives (section 1.3). Finally, section 1.4 includes an outline of the remaining 
chapters of this thesis. 
1.1 Research Background 
Recently, there has been a fast growth in the investigation of porous materials 
due to their outstanding physical and chemical properties. The potential applications 
of porous materials include catalysts, adsorbents and catalyst supports. In 
combination with the advantages offered by the thin-film structure, porous thin films 
are attracting increasing attentions. Typical porous thin films include porous low-
dielectric constant thin films,1, 2 porous anodic aluminium oxide thin film,3-5 highly 
ordered TiO2 nanotube arrays,6-8 and meso- and macro-porous SiO2 thin films,9 as 
shown in Figure 1.1. Depending on microstructures and compositions, porous thin 
films can possess unique properties, for example, strong oxidizing capability, 
outstanding photocatalytic and photovoltaic properties. Potential applications involve 
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biosensors,10 size selective membranes,11 photovoltaic cells,12 photocatalysis,13-17 and 
insulators in microelectronics.18-20 
  
Figure 1.1 SEM images of (a) porous silicon low dielectric constant thin film (Reproduced 
from the Ref.21), (b) porous anodic aluminium oxide thin film (Adapted from the Ref.22), (c) 
TiO2 nanotube arrays, and (d) ordered silica foam thin film. (Reproduced from the Ref.
23) 
Recently, the success in synthesis of the TiO2 nanotube array has opened up 
new perspectives for promising applications in various fields such as environmental 
purification, dye-sensitized solar cells, gas sensors, and biomedical systems.24 The 
low cost, physical and chemical stability of TiO2 render its attributes better suited as 
the material of choice in semiconductors. It has been confirmed that nanostructured 
TiO2, in particular, one-dimensional (1D) nanostructures such as vertically aligned 
nanotube arrays/forest (Figure 1.1(c)), are advantageous over planar geometries for 
many applications.16, 25-28 The TiO2 nanotube array has also shown potential in 
biomedical applications, for example, when used as a supporting platform for bone29 
 Chapter 1 Introduction 3 
and stem cells,30 where the arrays are in direct contact with biological tissue. 
Compared with pure Ti plate, experimental studies have indicated that the TiO2 
nanotube array can strongly improve cellular activities30, 31 and greatly facilitate the 
growth of bone cells.32 Furthermore, the adhesion between such an array and the 
bone can be largely strengthened since that body cells can grow into the nanotube 
pores and generate a lock-in structure.32 
In order to achieve these potentials, a good understanding of their mechanical 
performances is necessary for the structure design, processing and reliability 
assessment of those applications.20 For instance, biomedical applications normally 
require long-term in vivo structural stability. The mismatch of mechanical properties 
between the bone and implant surface layer can give rise to bone resorption that will 
result in implant loosening or ultimate failure.33 Wear and relative sliding at the 
interface between the bone and implant can generate particular wear debris 
jeopardizing the stability of the prosthesis.20, 34 This highlights the need for 
establishing the relationship between microstructural features of the TiO2 nanotube 
array and their corresponding mechanical behaviour. 
When the size of a material sample reduces to nanoscale, it becomes a 
technical challenge in evaluating its mechanical properties. Stimulated by rapid 
progress in synthesis and characterization of nano-structured materials, some 
advanced techniques have also been developed for characterizing the mechanical 
performance of nanomaterials. Among all these characterization methods, 
nanoindentation tests can be performed without lifting a thin film from its substrate. 
Therefore, such technique is regarded as one of the simplest methods for exploring 
the mechanical behaviour of thin films.35 For a given material, the nanoindentation 
method can provide quantitative characterization of its mechanical properties such as 
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elastic modulus and hardness. The indentation process records load−displacement 
curves, from which other mechanical behaviours, including the onset of dislocations, 
cracks, and even crystalline phase transformations, can be evaluated.36 Another 
powerful tool to analyse the mechanical properties of nanoscale materials is the 
atomistic simulation method. It not only can evaluate accurate stress and strain fields, 
but also can provide detailed microstructure evolution during deformation, which is 
very hard or even impossible when using experimental methods.  
1.2 Research Problems 
In spite of many publications discussing the synthesis and properties of the 
TiO2 nanotube array, a comprehensive understanding of its mechanical behaviour is 
still lacking. In order to fully take advantage of the superior electrical and biomedical 
properties of the TiO2 nanotube array, a critical issue is to maintain their adequate 
mechanical integrity in various applications. Therefore, it is important to understand 
the mechanical behaviour of the TiO2 nanotube array under different loading 
conditions. In line with the recent literature review on the mechanical properties of 
the TiO2 nanotube array and other porous thin films in Chapter 2, this thesis will 
focus on the following significant scientific issues: 
 What is the role of strong structure-property relations in dictating the structural 
and mechanical properties of different TiO2 nanotube-array structures (e.g. 
single nanotube, micron-sized nanotube pillars and the entire nanotube array)?
 What are the underlying deformation and failure mechanisms of these TiO2 
nanotube-array structures under distinctive loading conditions?   
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1.3 Aims and Objectives 
The main aim of this thesis firstly focuses on exploring the fundamental 
mechanical behaviour of the TiO2 nanotube array, by using the nanoindentation 
technique. The effects of loading conditions and the shape of the indenter tip on their 
measured mechanical properties are taken into account. Next, this thesis takes the 
material-size effect into consideration by studying the compressive behaviour of 
micron-sized TiO2 nanotube pillar. The underlying mechanism of anomalous load-
displacement response of the micron-sized pillars under compression is fully 
discussed. Then, the tribological behaviour of the TiO2 nanotube array is investigated 
using nanoscratch tests. Distinctive scratch properties (i.e. scratch hardness and 
friction coefficient) are evaluated. Finally, this thesis carries out intensive molecular 
dynamics (MD) simulations to explore the mechanical behaviours of a single TiO2 
nanotube. The phase dependence of its mechanical properties and corresponding 
deformation mechanisms are analysed, respectively. Some specific objectives in this 
thesis are listed as follows: 
 Experimental measurement of the fundamental mechanical properties of the 
TiO2 nanotube array by nanoindentation tests. The influences of indentation 
depth, loading rate and the shape of the indenter tip will be investigated 
separately. The deformation mechanism of such array under different indenters 
will be discussed. Theoretical analysis will be conducted as well. 
 Experimental and theoretical studies of the compressive behaviour of micron-
sized TiO2 nanotube pillars by compression tests. The formation of anomalous 
displacement bursts during compressive deformation will be fully discussed. In 
addition, MD simulations will be carried out to explore the effect of inter-tube 
interactions on the mechanical behaviour of TiO2 nanotubes. 
6 Chapter 1 Introduction 
 Experimental measurement of the tribological properties of the TiO2 nanotube 
array by nanoscratch tests. The effects of normal load, scratch displacement and 
the shape of the indenter tip will be investigated separately. Analytical analysis 
will be performed on the basis of a classical friction model.
 Atomistic modelling and MD simulations of mechanical behaviour of a single 
TiO2 nanotube. The effects of crystal structure and nanotube size on its 
mechanical behaviour will be considered, respectively. Furthermore, their 
corresponding deformation and failure mechanisms will be comprehensively 
analysed.
1.4 Thesis Outline 
This section shows a brief outline of the remaining chapters of this thesis. 
There are, in total, eight chapters dedicated to systematically complete the topics of 
this thesis. 
In Chapter 2, a comprehensive literature review of structure-property relations 
in porous nanostructures will be presented. Firstly, basic properties of the TiO2 
nanotube array will be introduced including material synthesis, physical properties, 
applications, and mechanical properties. Then, structure-property relations in porous 
thin films (i.e. porous anodic aluminium oxide thin film, silica foam thin film and 
low-dielectric constant thin film) will be presented in the following section, 
respectively. Finally, the mechanical behaviour of porous or ceramic pillars and 
nanotubes will be reviewed. 
In Chapter 3, a basic review of distinctive theoretical methodology involved in 
this thesis will be presented. In Section 3.1, the theoretical principle of evaluating 
elastic modulus, hardness, and friction coefficient from recorded load-displacement 
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curves in nanoindentation and nanoscratch tests will be introduced. In Section 3.2, a 
brief description of the MD simulation method will be presented, including 
fundamental formulation, interatomic potentials, integration algorithms, and initial 
conditions. 
In Chapter 4, both experimental and theoretical investigation on the 
fundamental mechanical behaviour of the TiO2 nanotube array will be conducted. 
The effects of distinctive loading conditions (i.e. loading rate, indentation depth, and 
the shape of the indenter tip) on its measured mechanical properties will be evaluated. 
The deformation mechanism under nanoindentation will also be discussed in detail. 
In Chapter 5, both experimental and theoretical investigations on the 
compressive behaviour of micron-sized TiO2 nanotube pillars will be presented. The 
compressive behaviour and deformation process of micron-sized pillars with 
different sizes will be explored separately. Moreover, the underlying mechanism of 
anomalous load-displacement response will be discussed by conducting both 
theoretical analysis and MD simulations. 
In Chapter 6, both experimental and theoretical investigations on the 
tribological behaviour of the TiO2 nanotube array will be performed. Various scratch 
properties (i.e. scratch hardness, ploughing hardness and friction coefficient) will be 
evaluated. The influences of normal load and the shape of the indenter tip on the 
measured friction coefficient will be discussed. In addition, classical friction theory 
will be reviewed to derive an analytical model for the understanding of its scratch 
behaviour. 
In Chapter 7, MD simulations of the mechanical behaviour of a single TiO2 
nanotube will be conducted. The effects of crystal structure and nanotube size on its 
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mechanical properties will be explored. Moreover, the corresponding deformation 
and failure mechanisms will be investigated in detail. 
In Chapter 8, conclusions of this thesis, as well as future work, will be 
summarized. 
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Chapter 2 Literature Review 
In this chapter, the TiO2 nanotube array is firstly introduced in several aspects 
including material synthesis, physical properties, broad applications, and mechanical 
properties (Section 2.1). Such a nanotube array can be regarded as a kind of porous 
thin film. Therefore, an overview of the structure-property relations in porous 
nanostructures (i.e. porous thin film, porous micron-pillars and fundamental 
nanowires/nanotubes) is listed in Section 2.2.   
2.1 TiO2 Nanotube Array  
2.1.1 Material Synthesis 
The first attempt to fabricate TiO2 nanotube arrays was the work by Hoyer.37 
The nano-tubular structure was fabricated by the electrochemical deposition in a 
polymer mould, which was made using the structure of porous aluminium oxides. 
TiO2 nanotube arrays thus can be achieved by dissolution of the polymer mould. 
After this, various methods were developed to synthesize TiO2 nanotube arrays, 
including the sono-electrochemical method,38 sol-gel method,39 chemical 
treatments40 and electrochemical anodization method.41-45 Among them, the 
electrochemical anodization method is the most widely used one, since highly-
ordered TiO2 nanotube arrays can be grown directly on Ti substrates by the 
anodization of Ti foils in fluoride-based baths.46 Figure 2.1 shows the scanning 
electron microscopy (SEM) images of a typical as-fabricated TiO2 nanotube array 
fabricated by the anodization method. 
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Figure 2.1 SEM images of (a) top view and (b) side view of a TiO2 nanotube array 
synthesized by anodization method. 
The anodization of Ti foils is usually undertaken in a electrochemical cell with 
a platinum rod selected as cathode,46 as illustrated in Figure 2.2. Fluoride-based 
electrolytes (i.e. hydrofluoride, ammonium fluoride, etc.) are used in the anodization 
process. It is recognized that a small addition of fluoride ions to the electrolyte plays 
a key role in forming these self-organized oxide structures.6 The major processes for 
anodic formation of TiO2 nanotube arrays are also similar to the fabrication of 
nanoporous alumina.46-48 They include (1) formation of the oxide layer on the surface 
of the metal sample, resulting from the chemical reaction between the metal sample 
and O2- (or OH-) ions; (2) migration of metal ion (Ti4+) from the metal sample at the 
metal/oxide interface to the electrolyte/oxide interface under an applied electric field; 
(3) dissolution of the oxide layer at the electrolyte/oxide interface.49 Under specific 
electrochemical conditions, the formation of an oxide layer and the dissolution of 
such oxide layer compete with each other and reach a situation, in which self-
organization occurs during the formation of nanotubular oxide layers.6 
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Figure 2.2 Schematic illustration of an electrochemical cell with the Ti samples being 
anodized. Synthesis parameters include temperature, pH, voltage and electrolyte composition. 
(Reprinted from Ref.46) 
The morphology of anodization formed TiO2 nanotube arrays (i.e. nanotube 
length, nanotube diameter and wall thickness) can be manipulated by applying 
different electrochemical conditions (i.e. electrolyte composition, voltage, 
anodization time, and bath temperature). Increasing the anodization voltage will lead 
to an increase of tube diameter.42 If the voltage is kept constant during anodization, 
straight TiO2 nanotubes can be obtained. If the voltage is kept changing during 
anodization, tapered TiO2 nanotubes can be fabricated,42 as indicated in Figure 2.3. 
The bath temperature can also influence the wall thickness and length of obtained 
TiO2 nanotubes. Gopal et al.50 have shown that the decrease of bath temperature will 
result in the rise of wall thickness and tube length. Another factor affecting the length 
of the TiO2 nanotube is the anodization time. With the increase of anodization time, 
longer TiO2 nanotubes can be obtained.43 The longest TiO2 nanotube arrays that have 
been fabricated so far are around 1000 µm, by Maggie et al.51, who conducted 
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potentio-static anodization of Ti samples. The as-fabricated TiO2 nanotube arrays by 
the anodization method possess amorphous structures and can be annealed to anatase 
and rutile phases at different annealing temperature.52  
 
Figure 2.3 SEM cross-sectional observations of the TiO2 nanotubes fabricated by using of a 
time-varying anodization voltage. (a) Tapered TiO2 nanotubes obtained by varying anodizing 
voltage and (b) Straight nanotubes fabricated by applying a constant anodizing voltage. 
(Reproduced from Ref.46) 
2.1.2 Physical Properties 
As known, TiO2 has many extraordinary material properties, such as strong 
oxidizing ability, photocatalytic activity, nontoxicity and so on. The unique 
nanotubular structures of TiO2 nanotube arrays enable them to have high surface-to-
volume ratio. This feature contributes to better properties than those of bulk TiO2 
material, especially on surface-reaction related properties. Beranek et al.53 studied 
the photoelectrochemical response of TiO2 nanotube arrays and reported an enhanced 
photocurrent in anatase nanotubes compared with compact anatase layers. The 
incident photon to current efficiency (IPCE) for anatase nanotubes is around 40% at 
shortwave length, which is approximately four times of that for the compact anatase 
layer,53 as shown in Figure 2.4. 
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Figure 2.4 Photocurrent response for (a) anatase TiO2 nanotube array and (b) compact 
anatase TiO2 layer. (Adapted from Ref.
53) 
Other researchers50, 54-56 also studied the photocatalytic properties of TiO2 
nanotube arrays and confirmed its enhanced photocatalytic efficiency. The geometry 
of the TiO2 nanotube array also affects its photocatalytic efficiency. Longer TiO2 
nanotubes have higher photocurrent densities because they can absorb more energy 
and generate more electrons.55 Larger wall thickness, synthesized at lower bath 
temperatures, leads to larger photocurrent densities.50 
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Figure 2.5 Electrical resistance with respect to annealing temperature for (a) different 
thickness of the nanotube layer, and (b) 7-µm TiO2 nanotubes with the annealing time of 2.5 
hours and 20 hours. (Reprinted from Ref.57) 
The electrical conductivity of the TiO2 nanotube array was measured by 
Tighineanu et al.,57 who pointed out that its electrical resistance can be lowered by 
several orders of magnitude under optimized annealing conditions. As shown in 
Figure 2.5, lower resistance of TiO2 nanotubes can be obtained using shorter 
nanotubes at annealing temperature (250 οC-450 οC). The relation between resistance 
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and annealing temperature is largely associated with the crystallization of amorphous 
material with increasing annealing temperature.57 By examining the crystal structure 
of the TiO2 nanotube array under different annealing times, they found that anatase 
nanotubes (at 250 οC-450 οC) exhibit considerably lower resistance than amorphous 
nanotubes (at 0 οC-250 οC) and rutile nanotubes (at 450 οC-550 οC).57 The resistance 
of the TiO2 nanotube array has also been found to be sensitive to hydrogen exposure. 
Figure 2.6(c) exhibits three orders of magnitude variation in the resistance under the 
exposure of 100 ppm hydrogen.58 
2.1.3 Applications 
The TiO2 nanotube array has been widely utilized in various fields, such as 
dye-sensitized solar cells (DSSCs),59-61 photoelectrocatalysis,13, 15, 16 gas sensors,58, 62 
and biomedical applications63, 64 due to their excellent properties. Another reason for 
the high focus on this material is that its properties can be tuned by changing the 
individual response of a single nanotube as well as the density, topology and order in 
the network. 
Gopal et al.60 described the application of a TiO2 nanotube array in DSSCs, as 
shown in Figure 2.6(a). They indicated that the TiO2 nanotube array has high 
electron lifetimes and long pathways for electron transport. Besides, the light 
harvesting efficiency of TiO2 nanotube-array-based DSSCs was proved to be higher 
than TiO2 nanoparticle film-based ones.59 Because the resistance of a TiO2 nanotube 
array presents a high sensitivity to the concentration of hydrogen58 and oxygen,62 as 
shown in Figure 2.6 (b)-(c), it can also be applied to gas sensors. 
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Figure 2.6 (a) Application of TiO2 nanotube array into DSSCs (Reprinted from Ref.
60). (b) 
Electrical resistance of TiO2 nanotube array exposed to different hydrogen concentrations 
(100-500 ppm) at 290 οC (Reprinted from Ref.58). (c) Electrical resistance variation of 
amorphous TiO2 nanotube array exposed to different oxygen concentrations (200-1980 ppm) 
at 100οC. (Reprinted from Ref.62) 
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Another interesting and potential utilization of the TiO2 nanotube array is its 
application as biomedical material. Ti and Ti alloys have been broadly used in 
biomedical applications, such as hard tissue replacements and cardiovascular 
applications.65, 66 In order to accelerate the osseo-integration process and improve the 
interactions between cell and implant, researchers have deposited bioactive ceramic-
based coatings on the surface of Ti-based implants.67-69 Recently, the TiO2 nanotube 
array has been seen as a potential alternative to the bioactive ceramic-based coatings. 
Recent studies have demonstrated that the TiO2 nanotube array with the highly-
ordered structure can greatly improve the growth of osteoblast cells.32 In addition, 
the osteoblast cells can grow into the nanotubes and produce lock-in structures,32 as 
shown in Figure 2.7. This can largely strengthen the adhesion between the bones and 
the implant material. All these excellent features make the TiO2 nanotube array a 
promising candidate for alternative bioactive coatings on the Ti-based implant. 
 
Figure 2.7 SEM images show (a) osteoblast cell growth on the Ti surface (after 12 hour), (b) 
osteoblast cell growth on TiO2 nanotube array (after 2 hour), and (c) adhesion between 
osteoblast cells and TiO2 nanotube array. The circles indicated that osteoblast cells grown 
into nanotube pores. (Reprinted from Ref.32) 
Besides this, research has also shown that a TiO2 nanotube array can be utilized 
as a drug delivery system.63 Figure 2.8 illustrates the procedure of fabricating 
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amphiphilic TiO2 nanotube layers and the methods for drug loading. The top 
hydrophobic TiO2 nanotube layer acts like a cap and prevents uncontrolled leaching 
of the drug. Taking advantage of the photocatalytic nature of TiO2, a chain scission 
of the attached organic monolayer will occur by UV illumination. In this way, the top 
cap will be detached and controllable release of the drug can be realized.63 
 
Figure 2.8 (a) Schematic illustrations of the procedure for synthesizing amphiphilic TiO2 
nanotube layers, and (b) the methods can be used to load drug into the nanotubes. (Reprinted 
from Ref.63) 
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2.1.4 Mechanical Properties 
To take full advantage of the outstanding functional properties of TiO2 
nanotube arrays, their fundamental mechanical performance should be taken into 
further consideration. However, only limited research can be found on the study of 
their mechanical properties so far. This may be partially because of the difficulties 
brought by the small scale involved. A series of nanoindentation tests have been 
conducted to explore the mechanical properties of the entire TiO2 nanotube arrays.70, 
71 Tang et al.70 reported that the elastic moduli and hardness of TiO2 nanotube arrays 
reduce with the rise of the thickness of a TiO2 nanotube array. With the thickness 
changing from 18 µm to 99 µm, the corresponding apparent elastic modulus 
decreased from 29.8 GPa to 11.7 GPa.70 In addition, Crawford et al.71 found that the 
variation of apparent elastic modulus with indentation depth exhibited three regions 
for such array under indentation, as given in Figure 2.9.  
 
Figure 2.9 Typical apparent elastic modulus with respect to indentation depth. Dashed 
vertical line displays the average coating thickness. (Adapted from Ref.71) 
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In region I, there shows a linear rise of the apparent elastic modulus with the 
increase of indentation depth. This can be attributed to the enhanced densification of 
the TiO2 nanotubes. Region II exhibits a parabolic increase of the apparent elastic 
modulus, owing to the combined influence from densification and substrate effect. In 
Region III, the nanotube layer has become almost fully dense,  which leads to the 
plateau value of the apparent elastic modulus.71 The fracture strength of the TiO2 
nanotube array has also been studied.72 In Figure 2.10, the fracture strength σc of the 
TiO2 nanotube array is shown with respect to different tube diameter. Fracture 
strength was found around 3 GPa for nanotubes with diameters of 55 nm, 86 nm and 
110 nm.72 It showed little dependence on the tube diameter within the range from 55 
nm to 110 nm. However, when the tube diameter decreased to 30 nm, the fracture 
strength increased to around 5 GPa.  
 
Figure 2.10 Fracture stress of the TiO2 nanotubes with respect to nanotube diameter. 
(Reproduced from Ref.72) 
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The mechanical properties of a single TiO2 nanotube have also been 
investigated by direct compressive measurements within a high-resolution 
transmission electron microscope (TEM).73, 74 Shokuhfar et al.73 performed 
compression tests of single TiO2 nanotubes, and reported that the elastic moduli of 
single TiO2 nanotubes vary in the range of 23-44 GPa with outer diameter ranging 
from 75 to 110 nm. Kang et al.74 explored the size effect on the elastic modulus of a 
single TiO2 nanotube and pointed out that the length of the TiO2 nanotube possesses 
an effect on the measured elastic modulus. A longer nanotube has lower elastic 
modulus. Single TiO2 nanotubes with the lengths in the range of 8-10 µm possess the 
elastic moduli ranging from 2.2 GPa to 9.4 GPa.74 
2.2 Structure-Property Relations in Porous Nanostructures 
2.2.1 Porous Thin Films 
The TiO2 nanotube array is constructed by regular patterned TiO2 nanotubes. 
Due to the hollow structure of the TiO2 nanotube, it can be seen as a type of porous 
thin films. To get ideas on how to probe and understand its mechanical behaviour, a 
good comprehension of the mechanical behaviour of various porous thin films will 
be very helpful. Therefore, the structure-property relations in several porous thin 
films (i.e. porous anodic aluminium oxide thin film, silica foam, and low dielectric 
constant (κ) thin film) will be introduced in this section. 
A. Porous Anodic Aluminium Oxide Thin Film 
Porous anodic aluminium oxide (AAO) thin films comprises array of highly-
ordered cylindrical nano-pores,3-5 as shown in Figure 2.11. It has vertically grown 
cylindrical pore channels that are closely patterned together. Owing to the highly-
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ordered cylindrical pores along the thickness direction, the unidirectional structure of 
porous anodic alumia thin film is actually transversely isotropic. 
 
Figure 2.11 Schematic and SEM images of AAO thin film.  (Reproduced from Ref.75) 
In order to measure the mechanical properties of porous AAO thin films, 
nanoindentation tests were usually performed.3-5 Figure 2.12 displays the typical 
load-displacement curves recorded in the nanoindentation tests on porous AAO thin 
films. Residual displacements were found in the curves, which indicated that plastic 
deformation (i.e. collapse of pores and densification) happened during indentation. 
Substrate was found having influences on the measured mechanical properties of 
such thin films when the indenter gradually approaching the substrate. With the 
increase of indentation depth, the measured elastic modulus and hardness of porous 
AAO thin films got decreased gradually.76 This was believed to be due to the much 
lower elastic modulus and hardness of aluminium substrate. In order to eliminate 
effect from the substrate, the performed indentation depth should stay in the range of 
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0-10% of the thin-film thickness.20, 77 Within low indentation depth, the elastic 
modulus and hardness of porous AAO films with 10% porosity was evaluated about 
13 GPa and 140 GPa, respectively.78 
 
Figure 2.12 Load-displacement curves of porous AAO thin films (a) Type II (b) Type III 
with different porosities. Solid, dashed, and dotted lines represent low, medium, and high 
porosity, respectively. (Adapted from Ref.76) 
The mechanical properties of porous AAO thin films are highly dependent on 
the pore size (i.e. the porosity ϕ). Generally, both elastic modulus and hardness will 
get reduced with the increase of porosity. As shown in Figure 2.13, the elastic 
24 Chapter 2 Literature Review 
modulus of porous AAO thin films exhibited nearly 50% drop with only 15% 
increase of porosity.76 This demonstrated that the increase of porosity will greatly 
weaken the mechanical properties of such porous thin film, which has also been 
proved in other works.79 In general, the mechanical properties (E and H) and the 
porosity ϕ can be correlated by the empirical equations:78 
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where E0 is the elastic modulus at 0% porosity; H0 is the hardness at 0% porosity; 
 represents an empirical coefficient. 
 
Figure 2.13 (a) Hardness H and (b) elastic modulus E as a function of the porosity ϕ of 
porous AAO thin films. (Reproduced from Ref.76) 
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Three types of porous AAO thin films with different porosities have been 
investigated. In Vojkuvka’s work, porous AAO thin films are synthesized using 
sulphuric, oxalic or phosphoric acids, and corresponding AAO samples are referred 
as type I (pore size 60 nm), type II (pore size 105 nm), and type III (pore size 455 
nm),respectively.76  
 
Figure 2.14 Top-view SEM micrographs of the indentation impressions in the samples of (a) 
IIlow, (b) IImedium and (c) IIhigh with varying porosities under indentation force of 250 mN. 
(Reproduced from Ref.76) 
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According to the recorded load-displacement curves, as shown in Figure 2.12, 
type III with highest porosity had the largest indentation depth under the same 
indentation load. This is accordance with the observation of the decrease of 
mechanical properties for such material with higher porosity. By observing the left 
indentation impressions, as shown in Figure 2.14, cleavages were found propagating 
through the hexagonal cells. In addition, the width of such cleavage increases with 
the rise of sample porosity. The influence of pore-size on the mechanical properties 
of porous AAO thin films was also studied by performing finite element analysis 
(FEA). According to the calculated normalized von Mises stress distribution in 
anodic porous alumina with different pore sizes. Figure 2.15 indicates that the 
increase of  pore diameter can lead to the decrease of the normalized von Mises 
stress.5 This means that the increase of pore diameter will result in the decrease of 
stress-related properties (i.e. elastic modulus and hardness). 
 
Figure 2.15 Normalized von Mises stress distributions of porous AAO film with pore 
diameters of (a) 100 nm, (b) 150 nm and (c) 200 nm. (Reprinted from Ref.5) 
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In addition to the pore size, it has also been reported that the pore-channel 
arrangement can affect the mechanical properties of anodic porous alumina.80 
Strength is highly sensitive to the pore-channel ordering of anodic porous alumina, 
while elastic modulus is less related. Porous AAO with worse pore-channel 
arrangement has lower strength. This is owing to the non-uniform stress distribution 
in anodic porous alumina with poor arrangement. Extreme stress values are more 
likely to happen at locations with high stress and thus more severe deformation will 
occur, which eventually gives rise to the fracture of the structure.80  
B. Silica Foam Thin Film 
The synthesis of silica foams can be achieved by using the method of colloidal 
crystal templating.81 In Figure 1.1(d), silica foams fabricated by such method 
include a skeleton surrounded by a series of uniformly close-packed macropores 
which are interconnected through voids.23 A depth-sensing indentation approach 
enables to characterize the mechanical behaviour of silica foams.23 In terms of such 
technique, Figure 2.16(a) gives the typical load-displacement (F–h) curve of such 
foam under the maximum indentation load of 1mN. Compared with the smooth F–h 
curves of dense silica, series of ‘pop-ins’ were observed in the F–h curves of silica 
foam.23, 82 The pop-in events in the load-displacement curves should be associated 
with the fracture of cell walls and pore collapse. The unloading curve of silica foam 
is nearly vertical, indicating no elastic recover after the release of load. The 
following smooth stress-strain curves and corresponding enhanced stiffness is 
believed to be a result of the densification owing to the accumulation of material 
under the indenter tip. 
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Figure 2.16 (a) The load-displacement response of silica foam and dense silica under the 
indentation with a Berkovich tip. (b) Residual indentation impression on silica foam.  
(Adapted from Ref.23) 
The underlying deformation mechanism of silica foams is complex which 
involves the bending and collapse of cell-walls and local densification. From the 
unloading curve in Figure 2.16(a), such foam demonstrates clear rigid-perfectly 
plastic feature with little elastic recovery upon unloading. In this case, the load-
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displacement curves obtained under a Berkovoich tip at a large indentation depth can 
be converted into the pressure-volume (p-V),23 i.e., 
  224.5p F h ,          324.5 3V h                                (2.2) 
where p is the indentation pressure; V is the indenter volume. Figure 2.17 gives the 
obtained p-V curves for silica foams with different porosities. For dense silica, p 
stays at a nearly constant value (~6 GPa) with swept V changing from 0.01 µm3 to 10 
µm3. As for silica foams, it appears that p is smaller, about p = 0.015 GPa for the 
silica foam with ϕ=0.82 compared with p = 0.026 GPa for the silica foam with 
ϕ=0.76. The values of p for both silica foams are significantly lower than that of 
dense silica.23 
 
Figure 2.17 p-V relationship for dense silica and two silica foams with different porosities 
(ϕ=0.76, 0.82) under indentation using a Berkovich indenter tip.  (Reproduced from Ref. 23) 
C. Low-Dielectric Constant Thin Film 
Recently, low-κ thin films are playing an important role in the interconnectors 
which are widely utilized in the semiconductor industry. This is due to the reduction 
of signal delay and power dissipation between metal conductors can be achieved by 
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decreasing the dielectric constant κ. Usually, the lower κ can be realised through 
increasing porosity in low-κ thin films.83, 84 Nevertheless, this will inevitably lead to 
the reduction of their mechanical properties (i.e. strength and hardness).20, 85 The 
mechanical performance of low-κ thin films plays an important role in their 
applications in semiconductor industry. Therefore, it is important to understand their 
mechanical properties and the effects of porosity on their mechanical behaviours.  
 
Figure 2.18 Plane strain modulus and hardness with respect to the relative displacement in 
hydrogen-silsesquioxane (HSSQ) thin films. (Adapted from Ref.86) 
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The popular low-κ materials are mostly consisted of silsesquioxane (SSQ) 
spin-on glasses and organosilicate glasses (OSG). They possess higher porosities of 
more than 30% and have to sustain the inevitable trade-off between the low κ and the 
thermal/mechanical integrity compared with conventional SiO2 dielectrics. Based on 
the load-displacement curves from nanoindentation tests, both elastic modulus and 
hardness can be determined, respectively.  
 
Figure 2.19 Elastic modulus of OSG thin films with respect to the porosity. (Reproduced 
from Ref.87) 
In the nanoindentation tests on thin films, substrate will influence the measured 
mechanical properties when the indentation depth is large. For instance, the 
measured moduli and hardness of four types of HSSQ thin films get increased with 
the increase of indentation depth (beyond 20% of film thickness), as shown in 
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Figure 2.18. This is because that the effect of substrate will become larger with the 
probe gradually approaching it, especially when the difference of mechanical 
properties between the thin film and the substrate is large. Therefore, the indentation 
depth should be controlled within a certain depth to exclude any influence from the 
substrate. The exact value of the certain depth is different for different thin films. For 
the four types of HSSQ thin films in Figure 2.18, the measured moduli and hardness 
are kept constant when the indentation depth is within 20% of film thickness.20, 86 
Therefore, the indentation depth should be controlled less than 20% of film thickness 
for these HSSQ thin films to obtain their intrinsic mechanical properties by 
nanoindentation tests.  
 
Figure 2.20 (a) Optical image of the formed blister in the TiW/400-nm low-κ thin film; (b) 
SEM image of the blister; (c) SEM image showing the cohesive failure of the thin film. 
(Reproduced from Ref.87) 
In addition, inner porosity also can significantly influence the mechanical 
performance of low-κ thin films, as for the highly-ordered porous thin films 
discussed in previous section. For example, as shown in Figure 2.19, it has been 
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reported that the increase of porosity can notably give rise to the decrease of the 
elastic moduli of OSG thin films.87  
In practical applications, the low-κ thin films have to maintain their integrity 
during mechanical or chemical polishing in the manufacturing. The ceramic nature of 
SSQ and OSG thin films can provide the thin films with high thermal stability, but 
low fracture toughness.20 Hence, the development of advanced techniques is essential 
to quantify the fracture toughness of low-κ thin films. Generally, nanoindentation 
technique can be used to evaluate the fracture toughness of thin films. Volinsky et 
al.87 explored the fracture behaviour of OSG thin films with a superlayer of TiW 
using a conical tip. Figure 2.20 shows that a blister formed in the low-κ/TiW film 
system after indentation. In general, the fracture toughness of a bulk brittle material 
Kc can be calculated according to the given expression:87 
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where γ is an empirical constant depending on the shape of the indenter tip (i.e. 
γ=0.0139 for cube corner tip);20, 88  E and H are the elastic modulus and hardness; 
Fmax is the maximum indentation load; c is the crack length. The measured Kc of low-
κ thin films ranges from 0.02 to 0.03 MPa·m1/2, which is less than its delamination 
fracture resistance (i.e., 0.06 to 0.13 MPa·m1/2).87 The evaluated values of Kc also 
suggest that the fracture process of the low-κ thin film is controlled by the fracture 
toughness rather than the interfacial adhesion.  
2.2.2 Porous Micron-pillars 
Previous review sections mainly discuss the structure-property relations in 
porous thin films, which represent a near half-space morphology. Here “near” is 
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mentioned since those thin films are supported by different substrates. Another type 
of testing plan, which has become more and more popular, is compression tests of 
the micron-sized pillars of materials. To date, there has existed a large number of 
literatures on metallic nano- and micron-pillars, and some significant phenomena 
such as ‘smaller is stronger’ or ‘smaller is superplastic’ have been unveiled by 
compression tests.89 The size dependences of fracture strength and the deformation 
mechanism have also been revealed for bulk metallic glasses (BMG) micron-
pillars.90, 91 Compared to metallic and BMG micron-pillars, however, there are 
limited investigations on the compression tests of porous micron-pillars.  
 
Figure 2.21 (a) SEM images representing the morphology of the compressed pillars after 
generating three displacement bursts (curve A) and one burst (curve B) in the stress-strain 
curves. (b) Schematic illustration of the relation between stress-strain curve and 
corresponding morphology of porous AAO pillars under compression. (Reproduced from 
Ref.75) 
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The strong structure-property relation in porous materials also dominates the 
compressive behaviour of their pillars. For example, porous AAO is one of the 
popular porous thin films, possessing nano-sized honeycomb channels along the 
thickness axis, as introduced above. The compression tests of porous AAO pillars 
have been conducted by Ng et al.,75 indicating that compressive stress-strain 
response of porous AAO pillars exhibit remarkable displacement bursts, as shown in 
Figure 2.21(a). These instability events actually result from the severe distortion of a 
thin layer at the pillar’s head, as shown in Figure 2.21(b).  
 
Figure 2.22 (a) The SEM image of compressed and uncompressed 50-µm CNT pillars. (b) 
Typical stress-strain curve for the uniaxial compression of CNT pillars. (c) The SEM image 
of the typical buckled morphology presented in the CNT pillar. (d) The stress-strain curves 
of compression tests at four different strain rates (0.001-0.5 s-1). (Reprinted from Ref.92) 
The formation of such a severely distorted layer can be attributed to the highly 
compressible structure of porous AAO, given the pore channels in the structure. The 
micron-pillars of carbon nanotube (CNT) arrays, which behave like open-cell foams 
36 Chapter 2 Literature Review 
with similar buckling and crushing deformations,93 have also been explored. Under 
compression, local buckling happens in CNT pillars, forming wavelike folds. The 
first observation of this buckling behaviour of CNT pillars was maybe the work by 
Hutchens et al.92 using in-situ SEM, as shown in Figure 2.22(a) and (c). 
 
Figure 2.23 The stress-strain curves of pure porous epoxy and carbon, and bi-continuous 
carbon-epoxy micron-pillars. SEM micrographs exhibit the undeformed and after-failure 
morphology of those micron-pillars. (Reproduced from Ref.94) 
Buckles occurred successively from bottom to top, leading to the oscillation of 
the plateau stage in the stress-strain curve. After initial buckling, subsequent 
buckling firstly started as a localized fold on pillar surface and then gradually 
propagated through the pillar diameter, which may be owing to the van der Waals 
interactions between individual CNTs.92 In some other work, the buckling 
propagated in the contrary way, from top to bottom.95, 96 Whether the buckling 
propagates from bottom to top or top to bottom is correlated with the relative density. 
Buckling is inclined to form at the locations with low relative density. When a CNT 
pillar has a lower density at the bottom, buckling forms at the bottom and propagates 
upwards. If the density gradient is insignificant or reversed, the bottom part buckles 
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last.95 It is also found a critical strain exists above which the length of buckling 
region increases.96 
Regular porous materials leave their inner pores without any filling. 
Alternatively, porous frameworks are filled with other materials, following the 
design rules of biological composites.97, 98 These novel bi-continuous materials can 
offer excellent combinations of properties such as stiffness, strength, toughness and 
energy dissipation. For instance, compression tests demonstrate that carbon/epoxy 
micron-pillars possess especially high specific energy absorption up to 720 kJ/kg 
compared to porous carbon and epoxy micron-pillars (Figure 2.23). This can be 
attributed to the shear-governing interphase interactions between the interlocked hard 
(carbon) and soft (epoxy) phases.94 Their inherent geometrical parameters, such as 
the aspect ratios and the ordering directions of the nanoframe struts, can be tuned to 
supply optimal design for the enhancement of specific energy dissipation. 
2.2.3 Fundamental Nanowires/Nanotubes 
Different to disordered porous materials, highly-ordered porous materials are 
comprised of various structural elements, such as nanoframe struts for nanofoams, 
nanotubes/nanowires for nanoarrays. With the advancement of characterization and 
manipulation techniques for nanostructures, their structural and mechanical 
behaviour can be intensively explored and characterized using in-situ SEM or in-situ 
TEM. 
Most of the popular nanoarray materials are metal oxides (i.e. TiO2, Al2O3 and 
SiO2), and their elemental nanotubes/nanowires have been investigated in some 
literature. Different loading conditions and corresponding mechanical responses are 
considered separately. Direct compression tests (Figure 2.24(a)) demonstrate that the 
elastic modulus of TiO2 nanotubes (in the range of 23-44 GPa)73 are larger than that 
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of TiO2 nanowires (~ 12 GPa).99 The difference of elastic moduli can be attributed to 
various crystalline phases, geometrical structures and structural defects in the 
nanotubes. However, their detailed deformation processes are still not well 
understood. As for SiO2 nanotubes, direct compression tests report the average value 
of their elastic modulus at about 24.5 GPa.100 Unexpectedly, significant plasticity has 
been observed in the nanotubes, which is in contrast to the conventional conclusion 
that SiO2 is a compound with covalent bonds and behaves as a brittle material. Such 
great ductility is believed to result from the intense electron beam irradiation in SEM 
or TEM.100, 101 In-situ three-point-bending tests can also successfully evaluate the 
elastic modulus of TiO2 and SiO2 nanotubes (Figure 2.24(b)), and give similar 
values to those determined from direct compression tests.106,107 
 
Figure 2.24 (a) In-situ TEM compression test of TiO2 nanotube. (Reproduced from Ref.
73) 
(b) In-situ SEM bending test of SiO2 nanotube. (Reproduced from Ref.
100) 
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Chapter 3 Theoretical Methodology  
This chapter will discuss the theoretical methodologies involved in this thesis, 
including the experimental method (nanoindentation technique) utilized to 
characterize the mechanical properties of the TiO2 nanotube array (Section 3.1), and 
basic formulations of molecular dynamics simulation for the numerical investigation 
of the mechanical behaviour and deformation mechanisms of TiO2 nanotubes 
(Section 3.2). 
3.1 Nanoindentation 
It is hard to measure the mechanical properties of thin films (below microns) 
using traditional indentation tests, which comes from the difficulties in measuring the 
deformed areas or depths at small contact area.102 Recently, nanoindentation 
technique has been seen as a powerful tool to explore the mechanical properties of 
thin films, due to their capability of precise and continuous recording of load or 
displacement at nanoscale. It is a useful approach to measuring the unknown 
mechanical properties of a material, by touching it with another material, the 
mechanical properties of which are known. In addition to its remarkable feature of 
testing size at small scale, another feature making it different from other indentation 
tests is that the value of the contact area is determined indirectly by measuring the 
penetration depth with the known indenter tip geometry, instead of directly 
measuring the size of an impression after indentation. This is of great importance to 
implement indentation experiments under microscale, because direct measurement of 
impressions leads to detrimental inconvenience and inaccuracy at several microns.  
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In this thesis, the mechanical behaviour of a TiO2 nanotube array is 
investigated using a nanoindentation system (Hysitron TI 950) with a displacement 
resolution of 0.04 nm and a load resolution of 1 nN. Various nanoindentation tests 
were carried out to study different aspects of mechanical behaviour of a TiO2 
nanotube array. To clearly illustrate the testing method used in each kind of test, 
specific experimental setup for each kind of test will be included in each chapter 
associated with the corresponding results’ analysis. In the following section, the 
method that has been used to extract mechanical properties (i.e. elastic modulus, 
hardness and coefficient of friction) from the load−displacement (F−h) curves 
recorded during the nanoindentation tests will be introduced. At last, an introduction 
of the applications of the nanoindentation technique in various research fields will be 
listed. 
3.1.1 Measurement of Elastic Modulus and Hardness 
During the indentation process, both load and displacement are real-time 
recorded. Generally, an indentation cycle comprises loading and unloading processes. 
During loading, material may deform elastically first followed by plastic deformation 
or fracture. If plastic deformation occurs, a residual impression will be left on the 
sample surface upon unloading. The recorded F−h curves enables the determination 
of both elastic modulus E and hardness H of a material.77, 103, 104 
Considering the contact between a flat surface and a rigid sphere, Hertz 
concluded that:105  
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where a is the radius of the contact circle; F the indentation load; R0 the radius of the 
indenter tip, and E* is reduced modulus. The expression of E* includes the moduli of 
the indenter and the sample and can be given by:106 
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where E and E  are the elastic moduli of the sample and the indenter tip, 
respectively; v and v  are the Poisson’s ratio of the sample and the indenter tip, 
respectively.77 
 
Figure 3.1 The cross-sectional profile of a sample surface at full load, and full unload for an 
elastic-plastic indentation. h is the indentation depth; hc is the contact depth under full load; 
hs is the depth of the uncontacted surface under indentation; a is the radius of the contact 
circle; α is the semi-angle of the cone; hf is the final residual depth after full unload 
procedure. (Adapted from reference104) 
For a conical tip, the cross-sectional profile of a sample surface at full load is 
illustrated in Figure 3.1. The relation between the indentation load F and the radius 
of the contact circle a can be written as:107 
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where  is the semi-angle of the cone. The indentation depth h can be given as:77 
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Substituting Equation 3.4 with r = 0 into Equation 3.3, we can obtain: 
22 tanF E h

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where F is proportional to the square of h. When we take the derivative of F with 
respect to indentation depth h from Equation 3.5, an important result can be 
obtained:77 
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From Equation 3.4, when r = 0, we can get: 
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Substituting Equation 3.7 to Equation 3.6, we can obtain: 
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or equivalently: 
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where S = dF/dh is often denoted as the contact stiffness of a material, and can be 
assessed at the beginning of the unloading curve. A = πa2 is the contact area.77 
Equation 3.8 and Equation 3.9 gives the fundamental analysis equations for 
nanoindentation tests and can be applied for any axisymmetric indenter tips.77 From 
the slope of the unloading curve at the maximum load, the reduced modulus E* can 
be determined. By substituting elastic modulus E and Poisson’s ratio v of the 
indenter tip together with the material’s Poisson’s ratio v into Equation 3.2, the 
elastic modulus E of the sample can be obtained. 
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Hardness H is normally determined by the mean contact pressure at the 
maximum load and can be given by:77 
maxFH
A
                                                   (3.10) 
where A is the contact area and Fmax is the maximum indentation load. For the 
determination of A, Oliver-Pharr103 established a method to evaluate it using the 
indentation depth together with the known geometry of the indenter tip. Because of 
this, the nanoindentation test is often called depth-sensing indentation (DSI).  
Assuming that the indenter tip is rigid and has none of significant deformation, 
the contact area A can be expressed as an area function of the contact depth hc as 
follows:103 
  cA G h                                                  (3.11) 
In order to determine the contact depth from the experimental data, it is noted that: 
maxc sh h h                                                  (3.12) 
Here, hmax is the maximum indentation depth that can be measured in the experiment. 
To determine hc, it is important to determine hs from the experimental data. For a 
conical tip, Sneddon’s expression108 gave out the following relationship at peak load: 
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where k is a geometry-dependent parameter, i.e. k = 0.72 for conical tip, and k = 1 for 
flat punch. Substituting Equation 3.13 to Equation 3.12, we can calculate hc from: 
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Rearranging Equation 3.9, we can get:  
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from which A can be calculated based on contact stiffness S and reduced modulus E*. 
To determine the area function, a series of indentation tests are performed at various 
hmax with varying indentation loads on a sample whose elastic modulus is known. A 
relationship between the calculated contact area A and the contact depth hc can thus 
be obtained. By best fitting this curve to the following relationship, C1 to C5 can be 
determined and thus the function of contact: 
 
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Where the value of C0 for a Berkovich tip is 24.5, while that for a Cube corner (90o) 
probe is 2.598.77 C1, C2…C5 are fitting parameters.  
3.1.2 Evaluation of Scratch Properties 
Besides basic indentation tests, the Hysitron TI-950 TriboIndenter is also 
capable of performing nanoscratch tests, which can be utilized to obtain some useful 
information of thin films such as film adhesion, delamination force and friction 
coefficient. In a nanoscratch test, both normal load and lateral displacement are 
applied to samples, while the resulting lateral loads are real-time recorded. The 
whole test can be considered as a combination of two processes. One is the normal 
indentation process, and the other one is horizontal tip motion. Friction coefficient f 
can be calculated from lateral load FL divided by normal load FN, as follows: 
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By measuring the minimum critical load Fcr at which delamination occurs, the 
adhesion strength WA can be obtained as: 
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where lf is the film thickness. 
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3.1.3 Applications 
Due to the outstanding capability of the nanoindentation technique, it has been 
widely adopted to assess the mechanical properties of various materials, including 
coatings,102 nanowires,109-111 nanotubes,70, 71, 112 and nanoporous materials.113-115 
 
Figure 3.2 Nanoindentation on a single ZnO nanowire. (Reprinted from Ref.110) 
For a flat homogeneous material, nanoindentation tests are normally 
undertaken randomly on the surface of samples to probe the basic mechanical 
properties of materials. For nanowire- or nanotube-array constructed materials, a 
single nanowire or nanotube109, 110 can be separated from the substrate and then be 
indented by a sharp indenter tip to get its elastic modulus, hardness or bending 
properties, as shown in Figure 3.2. In some cases, micron-pillars of material are 
prepared and then are indented using a flat punch, to investigate their compressive 
plasticity116 or size effect,117 as given in Figure 3.3. 
 
Figure 3.3 SEM images of Ni micropillars under different compressive strains, including (a) 
as-fabricated, (b) the true strain of 50% and (c) true strain of 200%. (Reprinted from Ref.116) 
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Figure 3.4 Discontinuity behaviour in load-displacement (F−h) curves, including (a) ‘pop-
in’, (b) ‘pop-out’ and (c-d) elbow. (Reprinted from Ref.118) 
In a nanoindentation test, not only the basic mechanical properties (i.e. elastic 
modulus and hardness) of materials can be measured but also a great deal of 
information about materials can be obtained, such as residual stresses,119-121 
hardening exponents,122-124 creep parameters,125, 126 fracture toughness of films,127 
and the adhesion of the film to the substrate.128, 129 In addition to the mechanical 
properties mentioned above, some other properties of materials can be determined 
from the discontinuity behaviour of F−h curves, such as ‘pop-in’, ‘pop-out’ and 
‘elbow’ shown in Figure 3.4. The ‘pop-in’ behaviour can be observed in the 
nanoindentation tests of many materials, including metals,130, 131 alloys,132, 133 and 
ceramics.134 This phenomenon is often related to the nucleation of dislocations, 
sudden structural change, or the onset of plasticity.135, 136 While the ‘pop-out’ and 
‘elbow’ phenomena observed in the unloading curve mostly indicate the phase 
transformations of materials.118, 137 
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Figure 3.5 In-situ SEM observation of deformation process of an array of CNTs under 
indentation. (Reprinted from Ref.93) 
In complementary work, nanoindentation is sometimes integrated with in-situ 
SEM/TEM or ex-situ SEM/TEM, which facilitates real-time study and new insights 
into the material behaviour. The SEM-based in-situ nanoindentation tests on an array 
of CNTs illustrates the advantages of this technology,93 which can directly observe  
the deformation process of the CNTs array under indentation, as shown in Figure 3.5. 
This technology needs to integrate a nanoindentation system with another SEM/TEM 
system, or else an ex-situ SEM/TEM can be conducted after nanoindentation tests, as 
shown in Figure 3.6. From the obtained SEM image of the deformation zone after 
indentation, the deformation induced structural evolution or nanocrystallization 
events can be investigated.138, 139 
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Figure 3.6 Ex-situ SEM image of deformation zone after nanoindentation on a Zr-based 
metallic glass. (Reprinted from Ref.138) 
3.2 Molecular Dynamics Simulation 
Molecular dynamics (MD) is a numerical method of atomistic simulation, 
aiming to obtain the physical movements of all particles in a system of atoms or 
molecules by solving Newton’s equations of motion.140 The first study using MD 
simulation can be dated back to the 1950s.141 After that, MD simulations have been 
widely performed to study the fundamental properties of materials, such as 
dislocations, cracks, fracture, and so on. MD simulations can capture and visualize 
features and behaviour of the simulated system at an atomic level, which is very 
difficult or even impossible for experiments. This makes MD simulation a very 
useful and valuable tool to investigate fundamental properties of nanomaterial.  
The concept of MD simulations is to mimic a system of atoms or molecules 
based on the atomic configurations and interatomic potentials. After the 
configuration of an atom system is established, the atomic force on each atom can be 
determined using the interatomic potentials. Obeying Newton’s second law, the 
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atoms are allowed to move for a short time Δt with the initial velocities and 
determined accelerations.142 At the new atom positions, the atomic forces are 
calculated again and the procedure is repeated. A flowchart of MD simulation 
process is shown in Figure 3.7. 
 
Figure 3.7 Flowchart of atomistic simulation process (Reproduced from Ref.142). 
3.2.1 Fundamental Formulation 
(a) The Relation between Potential Function and Interatomic Force 
Based on the mechanics principle, the force iF  on atom i can be determined by 
the derivatives of the total potential energy U, as follows:142 
1 2( , ) , 1,2, ,Ni
i
U r r r
F i N
r

  

                           (3.19) 
where ir  is the position vector of atom i. 
(b) Motion Equations of Particles 
The motions of all atoms obey Newton’s second law. The position, velocity 
and acceleration of atom i under interatomic force iF  can be expressed as: 
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where im  is the mass of atom i. Combining Eq (3.19) and Eq (3.20), we can obtain: 
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These equations are actually the fundamental equations of MD simulations. By 
discretising the equations in time, these equations can be solved using different 
numerical algorithms, which will be introduced in Section 3.2.3. 
3.2.2 Interatomic Potentials 
Different kinds of interatomic potentials, such as pair potentials, multibody 
potentials, bond order and reactive potentials, and force fields, are proposed with 
different levels of accuracy. The choice of interatomic potentials depends on the 
material and their application. Pair potential is used in this study, so here we only 
introduce this potential. The detailed information of other potentials can be found in 
many review papers and books.140, 142-144 
Pair potential is the simplest type of interatomic potentials in which the 
potential energy only depends on the distance between atom i and j, namely rij. The 
total pair potential of a generic atom i can be given as follows:142 
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                                          (3.22)                                      
The factor 1/2 is introduced because the pair potential Uij is equally shared by atom i 
and j. The summation covers all atoms (j = 1…Ne) within the cut-off distance rcut of 
atom i. The cut-off distance rcut is defined as the critical length beyond which the 
interatomic interaction can be neglected. Thus, the total potential energy of an atomic 
system can be obtained as follows:142 
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(a) Lennard-Jones (LJ) Potential 
Jones firstly proposed the simple LJ potential to describe the pairwise atomic 
interactions:145 
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The term 1/r12 represents the repulsive interaction between two atoms, and the term 
1/r6 represents the attractive interaction between atoms;  is the depth of the 
potential well, denoting the maximum energy of atom i and j being capable of 
absorbing before bond breaking;  is the finite distance at which the pairwise 
potential is zero.142 
(b) Buckingham Potential 
Buckingham proposed this potential as a simplification of the LJ potential, and 
it has the following expression:146 
6
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U r A Br
r
                                         (3.25) 
where A, B and C are constants. The terms on the right describe the repulsion and 
attraction between atoms. For an extension of Buckingham potential into the 
application of ionic system, the Coulomb-Buckingham potential can be given as 
follows:147 
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where rij is the distance between ion i and j, and qi and qj are their partial charges, 
respectively. 
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3.2.3 Numerical Algorithms for Integration 
(a) Verlet Numerical Algorithm 
Using Taylor series expansions, the equations in atomistic simulation can be 
solved by discretising the time: 
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where Rn is the error estimation. By combining Equation 3.27 and Equation 3.28, 
we can obtain: 
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where Δt is time step; 4(( )O t  is the sum of the remaining part of nR  and nR . 
Substituting Equation 3.20 into Equation 3.29 and, ignoring
4( )O t , we can get: 
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Using this algorithm, one can calculate ( ), ( 2 ),... ( )i i ir t t r t t r t L t      based on the 
information at time step, t-Δt and t. From this, we can see that this algorithm is a 
three-step method. 
(b) Velocity Verlet (VV) Algorithm 
The Velocity Verlet algorithm starts from the position ( )ir t  and velocity ( )iv t , 
and has the following expression:148 
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The velocity ( )iv t t  can be calculated as follows: 
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This algorithm is widely used because the information of position ( )ir t  and velocity 
( )iv t  can be obtained at the same time. 
3.2.4 Initial Conditions 
(a) Boundary Conditions 
There are two boundary conditions, these being periodic boundary conditions 
(PBCs) and non-periodic boundary conditions (non-PBCs). PBCs are normally 
accepted in the simulation of bulk materials to reduce the model size and computing 
time. A unit cell is surrounded by its own images and the total number of atoms in 
the unit cell is kept unchanged. Remarkably, the occurrence of phase transition may 
cause serious errors in the MD simulations, due to the unrealistic nature of its 
repeated images. When PBCs are not appropriate in all directions, non-PBCs or 
mixed boundary conditions are used in simulation. 
(b) Thermodynamic Ensembles 
Certain thermodynamic states of a system should be controlled during 
simulation, according to different simulation problems. This can be achieved by 
controlling the thermodynamic ensembles in the simulation. Popular thermodynamic 
ensembles are NVE, NVT, and NPT. Specifically, N, V, E, P, T represent the total 
number, volume, total energy of the atomic system, average pressure of the system, 
and average temperature of the system, respectively. Each combination of these 
parameters means that these parameters are kept constant throughout the simulation. 
For example, NVE means that the total number, volume, and total energy of the 
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atomic system are unchanged during simulation. Depending on the problem 
investigated, different ensembles are applied. 
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Chapter 4 Indentation Investigation on 
Mechanical Behaviour of TiO2 
Nanotube Array 
4.1 Introduction 
Recent success in the synthesis of the TiO2 nanotube array has opened up new 
perspectives for the promising applications in environmental purification, dye-
sensitized solar cells, gas sensors, and biomedical systems.24 This highlights the need 
for establishing the relationship between the microstructural features of the TiO2 
nanotube array and their corresponding mechanical behaviour. In general, nanosized 
materials are expected to have different mechanical properties in comparison with 
those of their bulk counterparts.149-151 However, it is a challenge to experimentally 
measure the mechanical properties of nanotubes at micro- and nano-scales.  
With the development of nanoindentation technique and chemical synthesis of 
one-dimensional nanostructures, the mechanical behaviours of various types of 
nanotube/nanowire arrays have been investigated. Nanoindentation tests have shown 
that a carbon nanotube (CNT) array behaves like open-cell foams with similar 
buckling and crushing deformations.93 Under nanoindentation, local buckling 
happened in CNT pillars and formed wavelike folds, and sometimes even existed the 
shell buckling of CNTs.152 They have also demonstrated the highly anisotropic 
properties of the CNT array, which possesses a much larger axial modulus (~ 200 
MPa) than the transverse modulus (~ 2.5 MPa) and shear modulus (~ 1.0 MPa).153 
Buckling deformation is also observed in ZnO111 and Si154 nanowire arrays, owing to 
the slenderness of nanowires and the lack of strong interaction among nanowires. 
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Until now, the mechanical behaviour of TiO2 nanotube arrays has seldom been 
investigated. For example, Crawford et al.71 conducted nanoindentation tests to 
evaluate the elastic modulus of a TiO2 nanotube array deposited on Ti substrates, and 
observed considerable fracture and densification of nanotubes. Tang et al.155 carried 
out sliding wear tests to determine their resistance to sliding wear in different 
environments. Nevertheless, the underlying deformation mechanisms and a full 
understanding of the mechanical behaviour of such an array are still lacking. 
In this chapter, the fundamental mechanical behaviour of a TiO2 nanotube 
array is systematically investigated using a combined focused ion beam (FIB) and 
nanoindentation technique. The influences of loading rate, indentation depth, and the 
shape of the indenter tip on the measured elastic modulus and hardness of the TiO2 
nanotube array are discussed separately. The associated deformation and failure 
mechanisms of the TiO2 nanotube array under different indenter tips are taken into 
consideration, and the corresponding densification process under nanoindentation is 
explored as well. In addition, a theoretical model based on densification is proposed 
to predict the load–displacement (F–h) relation of TiO2 nanotube arrays under a 
large-radius spherical tip. 
4.2 Experiment 
4.2.1 Fabrication of TiO2 Nanotube Array 
TiO2 nanotube arrays were fabricated via electrochemical anodization of Ti foil 
in a two-electrode cell,151 as shown in Figure 4.1. The Ti foil was ultrasonically 
cleaned in ethanol and acetone before use. A platinum rod was used as the counter 
electrode. The electrolyte consisted of 0.25 wt% ammonium fluoride (98%, ACS 
reagent, Sigma Aldrich, Australia) and 2 vol% distilled water in ethylene glycol 
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(≥99%, Sigma Aldrich). Anodization was performed at 60 V for 48 h at room 
temperature. After the anodization process, the samples were taken out and washed 
in ethanol again to remove impurities on the surface. And then, the samples were 
dried in nitrogen.  
 
Figure 4.1  Schematic illustration of the electrochemical synthesis of the TiO2 nanotube 
array on Ti foils in a two-electrode cell. 
4.2.2 Sample Characterization 
The morphology of the as-fabricated TiO2 nanotube array was observed using a 
scanning electron microscopy (SEM) machine (ZEISS Sigma). Figure 4.2 presents 
the SEM micrographs of the TiO2 nanotube array fabricated by the anodization 
method as described in Figure 4.1. According to the obtained high-resolution SEM 
images, the dimensional parameters of TiO2 nanotube arrays (i.e. array height, tube 
outer diameter, tube wall thickness and areal number density) were measured 
respectively. Their averaged values are listed in Table 4.1. For each parameter, at 
least 60 measurements were taken at different locations for its representativeness.  
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Table 4.1 Geometrical parameters of TiO2 nanotube array. 
 
Height 
(µm) 
Outer diameter 
(nm) 
Wall thickness 
(nm) 
Areal number 
density(1/ µm2) 
TiO2 
nanotube 
8.5 ± 0.3 198.8 ± 23.9 14.3 ± 2.8 19.3 
 
 
Figure 4.2 SEM images of a TiO2 nanotube array from: (a) top view at low magnification, (b) 
top view at high magnification, and (c-d) side views at low magnification. 
The crystalline structure of the sample was examined using X-ray diffraction 
(XRD; PANalytical X’Pert Pro) with Cu Kα radiation in the 2θ range of 10-70ο. The 
XRD pattern of a TiO2 nanotube array on a Ti plate is depicted in Figure 4.3. The 
peaks shown in the XRD pattern result from the existence of the Ti substrate. Since 
no crystalline phase of TiO2 is detected from the XRD pattern, the as-prepared TiO2 
nanotube array is believed to be amorphous. This is actually in good agreement with 
the results of other investigations.6, 46, 151 
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Figure 4.3 XRD pattern of TiO2 nanotube array directly grown on a Ti plate. It demonstrates 
no crystalline phase of the TiO2 nanotube array. 
4.2.3 Nanoindentation Tests 
The mechanical properties of the TiO2 nanotube array were measured using a 
nanoindentation system (Hysitron TI 950) with the displacement resolution of 0.04 
nm and the load resolution of 1 nN. Three types of indenter tips were used for 
nanoindentation tests, including a Berkovich tip (three-sided pyramidal tip with a 
radius of approximately 100 nm and included angle of 142.3°), and two spherical tips, 
one with radius (R0) of approximately 5 µm, and the other with R0 of approximately 
50 µm. The calibration of the tip area functions was carefully done on fused quartz 
with known elastic modulus (69.6 GPa ± 5%) and hardness (9.25 GPa ± 10%). 
During indentation, F–h curves were recorded to evaluate elastic modulus E and 
hardness H using the method introduced in Section 3.1.1. Here, the Poisson’s ratio of 
the TiO2 nanotube array v was chosen to be the same as that of bulk TiO2; i.e., v = 
0.28.151  
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Figure 4.4 Schematic illustration of a combined FIB and nanoindentation method to observe 
deformed nanotubes. 
Effects of loading rate, indentation depth, and tip shape on the measured E and 
H were considered in this study, respectively. Two sets of loading conditions were 
used in the nanoindentation tests. For the first one, the maximum applied load was 
set as 500 µN. To examine the influence of loading rate on E and H, the loading rate 
varies from 10 to 90 µN/s. The second one involved partial unloading before 
reaching the maximum load, allowing the mechanical properties corresponding to 
different indentation depths to be evaluated.151  
Both Berkovich and spherical (R0 = 5 μm) tips were used in these tests to study 
the influence of tip shape on the measured mechanical properties of the nanotube 
arrays. At least 10 indentations were conducted at different locations for each set of 
loading conditions. After indentation, the indentation impressions were carefully 
observed using SEM. To illustrate the deformation and fracture processes under 
indentation, a square groove (20×20 μm) on the surface of the TiO2 nanotube array 
was cut using an FIB machine (Quanta 200 3D). Then, the spherical tip with R0 = 5 
μm was pressed on the groove edge.151 This allowed the deformed nanotubes under 
the tip to be observed, as shown schematically in Figure 4.4. 
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4.3 Results and Discussions 
4.3.1 Evaluation of Mechanical Properties 
The effects of the tip shape and indentation depth on the measured E and H of 
TiO2 nanotube arrays were investigated. Figure 4.5 shows E and H at different 
indentation depths measured using Berkovich and spherical (R0=5 µm) tips.  
 
Figure 4.5 (a) Elastic modulus (E) and (b) hardness (H) as a function of the indentation 
depth measured by Berkovich and spherical (R0=5 µm) tips. 
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It can be found that both values of E and H increase with the indentation depth. 
This can be attributed to a substrate effect as well as a densification process during 
the indentation process. The detailed densification procedure of the TiO2 nanotube 
array under distinctive tips will be discussed in Section 4.3.2. It is also found that the 
mechanical properties measured by a spherical tip (R0=5 µm) are higher than those 
measured by a Berkovich tip. We know that elastic modulus and hardness are 
material parameters that describe the resistance of a material to different deformation. 
The differences in the measured values of E and H can be largely ascribed to the 
different deformation and resistance of the TiO2 nanotube array under different tips. 
Such a nanotube array possesses the strong structure-property relation, and its 
resistance to deformation highly relies on the resistance of individual nanotubes 
under indentation. Under a spherical (R0=5 µm) tip, the nanotubes are mainly 
subjected to axial compression, while they get bent under a Berkovich tip. This 
allowed them to have different resistance to indentation with different tips and thus 
led to the different measured values.  
For the indentation depth within about 220 nm (2.5% of the total array height), 
E and H are approximately constant and independent of the tip shape. In the present 
study, 220 nm is much less than 10% of the total height of the arrays, and the 
substrate effect thus can be largely ignored.77 Therefore, the evaluated E of ~2 GPa 
and H of ~15 MPa can be regarded as an intrinsic property of the TiO2 nanotube 
array. For a tubular structure such as a TiO2 nanotube array, the actual contact area 
between the tip and nanotubes may be much smaller than the evaluated one, based on 
the tip shape and penetration depth. The actual contact area *A  can be determined 
from 
*
nA A A   , where ρ is the number density of the array and estimated as 
19.3/µm2. An is the average cross-sectional area of a single TiO2 nanotube, which is 
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estimated as 8288 nm2; and A is the measured contact area determined from the 
contact area function at a given indentation depth. Accordingly, we can derive the 
relation * 0.16A A .151 Using such corrected contact area, the intrinsic E and H of 
TiO2 nanotube array is determined as 5.1 GPa and 93.8 MPa, respectively. 
Existing literature reported E of the single TiO2 nanotubes and TiO2 nanotube 
arrays ranging from 2.2 to 9.4 GPa73, 74 and 4 to 43 GPa,71, 156 respectively. This 
research result E = 5.1 GPa is within the range of reported E, and its value scattering 
comes from the varying sizes of TiO2 nanotube.74 The elastic modulus of TiO2 
nanotube array is much less than that of bulk amorphous TiO2 (87 GPa157). The 
decrease of elastic modulus in porous materials compared with their bulk 
counterparts is always observed.76, 78, 79 In contrast, H varies dramatically for 
different TiO2-based materials. For instance, H of amorphous TiO2 is around 3 GPa, 
compared with 13 GPa for single-crystalline rutile TiO2 at room temperature.151, 158 A 
TiO2 granular thin film possesses H of 500 MPa, which is of the same order as our 
result.      
Normally, the mechanical properties of a material reduce with the increase of 
porosity and follow an empirical relation of  0 1M M

  , where M0 is the 
mechanical property (E or H) at 0% porosity; ϕ and   represent the porosity and an 
empirical coefficient, respectively.78 According to the geometrical parameters given 
in Table 4.1, TiO2 nanotube array has the porosity of ϕ = 0.8, and we can derive δ = 
1.6 for E and δ = 1.9 for H. Here the values of δ are larger than those for E (δ = 1.1) 
and H (δ = 1.4) of porous AAO.78 Such relation suggests that the introduction of 
pores into materials can bring them better physical properties, especially those 
relating to the surface reaction. On the other hand, this will give rise to the reduction 
of their mechanical properties. Therefore, the trade-off between the physical and 
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mechanical performance of a material should be carefully taken into consideration in 
the practical applications.  
 
Figure 4.6 (a) Load–displacement (F–h) curves at different loading rates. (b) Elastic 
modulus (E) and hardness (H) of TiO2 nanotube array as a function of loading rate. 
Figure 4.6(a) shows the typical F–h curves recorded under different loading 
rates (10–90 µN/s) using a Berkovich tip. It can be seen that little shape change of 
loading and unloading curves is shown with respect to the loading rate. Figure 4.6 (b) 
displays the average values of E and H measured under different loading rates at an 
indentation depth of around 700 nm. It can be found that E is approximately 
independent of the loading rate. Such independence of loading rate (in the range of 
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10–90 µN/s) is because that there is no consequent change in the intrinsic 
deformation resistance corresponding to E. As for H, it exhibits a similar variation 
trend with the loading rate to E, but differently, however, there is large fluctuation in 
the value of H. Such a remarkable fluctuation is also observed in nanoindentation 
tests of other materials,159, 160 and can be attributed to the inhomogeneity161 or surface 
roughness162 of the material sample.  
4.3.2 Deformation Mechanisms 
A. Under Berkovich Tip 
During nanoindentation, a sharp tip such as a Berkovich tip can easily indent 
into the nanotube array, leading to bend, collapse, and densification of individual 
nanotubes. There are three partition lines in the indentation impressions, as clearly 
shown in Figure 4.7(a-b). The TiO2 nanotube array is split by the three faces of the 
Berkovich tip. The shear forces between the indenter tip and TiO2 nanotube array 
concentrate at the tip edges rather than on their faces.76 Therefore, the partition lines 
match the pyramidal geometry of the Berkovich tip well. The inner part of the 
indentation impression (Figure 4.7(b)) has some collapsed TiO2 nanotubes, and the 
outer part has many small fragments of fractured TiO2 nanotubes. 
Based on the observed indentation impressions caused by the Berkovich tip, a 
possible deformation process of the TiO2 nanotube array under indentation can be 
proposed, as shown in Figure 4.7(c-e). At a very shallow indentation depth (Figure 
4.7(c)), TiO2 nanotubes first bend elastically. Because of the brittle nature of TiO2 
nanotubes, they elastically bend up to a very small strain ~5%73 and get fractured. As 
illustrated in Figure 4.7(d), as indentation depth increases, fractured TiO2 nanotubes 
interact with neighbouring nanotubes, causing them to bend and fracture. The small 
fragments from fractured TiO2 nanotubes become compacted gradually, resulting in 
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the densification of those small fragments,151 as shown in Figure 4.7(e). Similar 
deformation mechanism is also proposed for ordered silica foam, in which a 
densified layer finally forms from cell-wall fracture and pore collapse in the foam.23 
Thus we may infer that porous metal oxides have similar densification process under 
nanoindentation. 
 
Figure 4.7 SEM images of indentation impressions at (a) low and (b) high magnification 
generated by a Berkovich tip. (c-e) Schematics of a Berkovich tip penetrating into a TiO2 
nanotube array. 
B. Under Conical Tip 
Different from a sharp tip, blunt tips such as a spherical tip with R0=5 μm can 
compress the nanotubes along their axial direction, especially at small penetration 
depth. The indentation impressions caused by a spherical tip with R0=5 μm are 
presented in Figure 4.8(a) and (b). The entire area can be split into two regions: 
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Region I and Region II. Region I consists of many small fragments of fractured TiO2 
nanotubes, and Region II contains some bent and collapsed nanotubes. Because of 
the increasing slope of the edge of the conical surface, TiO2 nanotubes in Region II 
fracture and collapse like those under the Berkovich tip. In contrast, TiO2 nanotubes 
in Region I are mostly subjected to direct compression.151  
 
Figure 4.8 SEM images of indentation impressions at (a) low and (b) high magnification 
generated by a spherical (R0=5 µm) tip. (c-e) Schematics of a spherical (R0=5 µm) tip 
penetrating into a TiO2 nanotube array. 
To illustrate the deformation process, a square groove (20μm×20 μm) was cut 
on the surface of TiO2 nanotube arrays using an FIB, as shown in Figure 4.9(a). 
Then, indentation using the spherical tip (R0=5 μm) was conducted right on the edge 
of this groove so that a cross section of the evolution of deformation could be clearly 
observed. As depicted in Figure 4.9(b), there is no obvious fracture of TiO2 
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nanotubes induced by buckling. Therefore, the TiO2 nanotubes in Region I mainly 
undergo brittle fracture under the compression load.151 
 
Figure 4.9 (a) Low- and (b) high-magnification SEM images of indentation impressions on 
the edge of a square groove after indentation by a spherical (R0=5 µm) tip. 
Based on these results, the proposed deformation process of TiO2 nanotube 
arrays under a spherical tip (R0=5 μm) is illustrated in Figure 4.8(c–e). At small 
indentation depth, TiO2 nanotubes first deform elastically. After this, the TiO2 
nanotubes experience brittle fracture (Figure 4.8(c)). With increasing indentation 
depth, more TiO2 nanotubes are crushed into small fragments. These small fragments 
gradually become compacted and finally result in densification (Figure 4.8(d)). As 
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shown in Figure 4.8(e), densification increases with indentation depth. Further 
increase of indentation depth may cause the TiO2 nanotubes that are remote from the 
tip to bend and fracture.151 If the radius of a spherical tip is large enough, the TiO2 
nanotubes sustaining bending and fracture in Region II (Figure 4.8a) can be largely 
neglected, and most nanotubes only sustain direct compression. Given such simple 
stress state in nanotubes, a theoretical model can be adopted to predict the F–h 
relation under nanoindentation, which is discussed in the following section. 
4.3.3 Theoretical Model 
Nanotubes/nanowires arrays can be regarded as a kind of porous material and 
nanotubes/nanowires in the array can be considered as constructing cells in porous 
material. When an array of nanotubes/nanowires is under indentation, they interact 
with each other and behave like a persistent network instead of in an isolated fashion. 
For example, the deformation of CNTs arrays under compression are more like open-
cell foams, with their buckling and crushing behaviour similar to the buckling and 
fracture of the constructing struts in open-cell foams.93 A phenomenological Rusch 
model was used to describe the evolution of engineering stress for porous material, 
and the expression can be expressed as:151, 163  
l kB D                                                     (4.1) 
where σ and ε are the engineering stress and engineering strain, respectively, and l 
and k are constants for a given class of foams. B and D are two parameters related to 
the compressive modulus of foams. The first term is used to model the elastic plateau 
region, while the second one is used to fit the densification region. From this we can 
see that the stress-strain in porous material follows a power law relationship during 
densification. Such process decreases porosity and gradually increases elastic 
modulus until the fully dense state is achieved. 
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In terms of the discussions in Section 4.3.2, the deformation of TiO2 nanotubes 
under a large-radius spherical tip is mainly controlled by brittle fracture and 
following densification. Such nanotube array can be seen as a kind of porous 
materials, and Equation 4.1 thus can be used to predict their compressive stress 
during densification. Since the elastic deformation of TiO2 nanotube is quite limited, 
and Equation 4.1 can be simplified into one with only plastic component, namely151 
 n denC                                                    (4.2) 
where C is a parameter related to the structure of TiO2 nanotubes; n is the 
densification power index, and
den  is the strain where densification begins. Next, ε 
corresponding to a radius r can be calculated as follows: 
( )
( )
h r
r
L
                                                    (4.3) 
where L is the length of TiO2 nanotubes. As shown in Figure 4.10(a), indentation 
depth at r can easily be calculated from R0 and h as: 
2 2
0 0( ) ( )h r R r R h                                          (4.4) 
when R0 is large enough compared with the size of a nanotube, the total external load 
F can be determined by the integral:151 
 
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where  0( ) 2R h h R h   is the contact radius of a conical tip at indentation depth 
h. When R0 >> h, Equation 4.5 can be integrated and written as:  
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To verify this model, we have conducted indentation tests using a spherical tip with a 
much larger tip radius (R0 = 50 μm). Equation 4.6 indicates that there is a nonlinear 
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relation between F and h, with F~hn+1. Fitting the experimental results of the F–h 
curve obtained with a spherical tip with R0 = 50 μm yielded a relation of F~h2.9 (n = 
1.9), as shown in Figure 4.10(b). Here, F and h exhibit a strongly nonlinear 
relationship.  
 
Figure 4.10 (a) Schematic diagram of the indentation formed in a TiO2 nanotube array by a 
large-radius spherical tip. (b) Load–displacement (F–h) curves measured by a spherical 
(R0=50 μm) tip, and the fitted (red) curve, following the relation F~h
2.9, is given as well. 
Generally, a homogeneous elastic material will satisfy the Hertz elastic model 
of a solid sphere and planar surface in contact where the relation between F and h is 
F~h1.5.164 Porous materials such as forests of coiled carbon nanotubes (CCNTs) show 
a nonlinear relation of F~h2.165 The strong nonlinearity of this F–h relation is caused 
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by the complicated underlying deformation mechanism of the CCNT forest. Such 
deformation involves both individual elastic deformation and tube-to-tube 
entanglement of CCNTs. The even more nonlinear relation exhibited by TiO2 
nanotube array (F~h2.9) can also be explained by their complicated deformation 
mechanism.151 As mentioned above, elastic deformation is neglected because of the 
extremely small elastic deformation of the nanotubes, and brittle fracture and 
densification of TiO2 nanotubes contribute to the total F–h relation. 
4.4 Conclusions 
In this chapter, nanoindentation tests were carried out to investigate the 
mechanical behaviour of the TiO2 nanotube array. It is found that at a small 
indentation depth (within 2.5% of the array height), the intrinsic elastic modulus and 
hardness of the TiO2 nanotube array are 5.1 GPa and 93.8 MPa, respectively. With 
increasing indentation depth, the influences of substrate and densification should be 
taken into account. The deformation mechanisms of the TiO2 nanotube array are 
strongly indenter tip-dependent. Under a Berkovich tip, the deformation is dominated 
by the fracture of nanotubes under bending forces via interaction with neighbouring 
tubes, followed by a densification process. While under the large-radius spherical tip, 
discrete brittle fracture and densification dominate the total deformation. A 
theoretical model is also proposed to predict F–h curves under a large-radius 
spherical tip. This model predicts a nonlinear relationship between the force and 
displacement for the TiO2 nanotube array, obeying the expression F~h2.9. This 
demonstrates that the deformation process of TiO2 nanotube arrays involves discrete 
brittle fracture and densification, which is quite different from that of homogeneous 
elastic solids. 
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Chapter 5 Mechanical Behaviour of 
Micron-Sized Pillar of TiO2 
Nanotubes under Compression  
5.1 Introduction 
The nanoindentation technique serves as a powerful tool to characterize the 
near surface mechanical properties of materials, especially for thin films, coatings 
and layered materials. As discussed in Chapter 4, a nanoindentation test can 
successfully evaluate the mechanical properties of the entire TiO2 nanotube array in a 
near half-space morphology. Another popular testing method associated with the 
nanoindentation technique is the compression test of micron-sized pillars. This has 
been successfully applied to different types of materials, including face-centred-
cubic metals,166, 167 metallic glasses,90, 168 metal oxides,75, 169 and carbon nanotubes 
(CNTs).92, 170, 171 
The advantage of such a compression test is that a simple uniaxial stress-state 
can be achieved in the micron-sized pillars. However, some difficulties and 
challenges still exist, including sample cutting172 and accurate axial loading on 
micron-pillars.173 In spite of this, compression tests on micron-pillars are developed 
and applied in various materials. Some micron/nano-pillar tests have revealed 
strikingly abnormal mechanical properties at micron and sub-micron scales, such as 
the now-commonly-known phenomenon ‘smaller is stronger’.166, 174 For instance, 
Shan et al.89 interestingly found that a typical hardening occurred in sub-micron Ni 
crystal pillars through exhaustion of dislocation sources, which can be triggered by 
applying purely mechanical stress. Similar to metallic nanocrystals, ‘smaller is 
stronger’ phenomenon is also observed in metallic glasses, owing to the difficulty of 
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shear band nucleation at smaller size scale.175, 176 Lin et al.75 investigated the porous 
AAO and found that they exhibit compressive stress-strain response with large 
excursions relating to discrete and inhomogeneous deformation events. Besides, 
indentation of vertically aligned CNTs pillars discovered their special deformation 
properties, including resilience, deformability and energy dissipation, all of which 
get enhanced at higher strain rates.171 
To the best of this researcher’s knowledge, the mechanical behaviour of 
micron-sized TiO2 nanotube pillars has never been explored before. In order to fill 
such a research gap, this chapter investigates the compressive behaviour of micron-
sized TiO2 nanotube pillars by nanoindentation tests. The effects of the pillar size, 
densification and inter-tube interactions on their compressive behaviour are taken 
into account, respectively. The deformation process and underlying mechanisms 
under compression are fully discussed as well. In addition, MD simulations have 
been conducted to understand the effect of inter-tube interactions on the mechanical 
behaviours of TiO2 nanotubes. 
5.2 Experiment 
5.2.1 Preparation of Micron-Sized TiO2 Nanotube Pillars 
Micron-sized TiO2 nanotube pillars with different diameters were cut from a 
TiO2 nanotube array by using a focused ion beam (FIB) (Quanta 200 3D). A step-by-
step cutting method using decreasing currents at different milling stages was adopted, 
as illustrated in Figure 5.1. During the FIB cutting, the voltage was set to be 30 kV 
with a decreasing current from 3 nA to 0.1 nA at different milling stages. In order to 
minimize the damage to the nanotubular structure of TiO2 nanotubes resulting from 
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the FIB milling, a very small cutting current (0.1 nA) was applied at the final stage of 
FIB milling. 
 
Figure 5.1 Schematic illustration of a step-by-step cutting method to prepare micron-sized 
TiO2 nanotube pillars from the nanotube array, using FIB with decreasing milling currents at 
different cutting stages. 
 
Figure 5.2 The SEM images of TiO2 nanotube pillars with (a) a diameter of 3 µm and height 
of 7.2 µm, (b) a diameter of 4 µm and height of 7.4 µm, and (c) a diameter of 6 µm and 
height of 7.8 µm. (d) Illustration diagram of the calculation of the actual height from 
observed height in SEM images, based on the stage tilt angle (30º). 
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SEM images of the prepared micron-sized TiO2 nanotube pillars are shown in 
Figure 5.2(a-c). There is an obvious partition line existing at the interface between 
TiO2 nanotubes and the Ti substrate, and only the above TiO2 nanotube pillar part is 
taken into consideration in the following analysis. The actual heights of TiO2 
nanotube pillars were calculated based on the tilt angle (30°) of stage and the 
observed heights of these pillars shown in the SEM images. An illustration diagram 
of the calculation is also given in Figure 5.2(d). 
5.2.2 Compression Tests 
A flat punch with a diameter of 20 µm was used in this study to perform 
compression tests on the as-prepared micron-sized TiO2 nanotube pillars. Load-
displacement (F–h) curves were recorded in real time for further analysis. In order to 
monitor the deformation of TiO2 nanotube pillars under different strains, different 
compressive loadings were applied, as listed in Table 5.1. By taking advantage of 
the sharpness of the Berkovich tip (with tip radius around 100 nm), compression tests 
on single TiO2 nanotubes within a nanotube array were also conducted. The pre-
loadings in all tests were set as 2 μN. 
Table 5.1 Applied loads for micron-sized TiO2 nanotube pillars with different sizes. 
Sample  
Name 
L3-1 L3-2 L4-1 L4-2 L6-1 L6-2 
Diameter (µm) 3 3 4 4 6 6 
Length (µm) 7.2 7.2 7.4 7.4 7.8 7.8 
Applied Load (µN) 5000 8000 6000 10000 10000 12000 
 
Considering the porous structure of TiO2 nanotube pillars, engineering stress σ 
is calculated by dividing the indentation load F with the actual contact area *A , and 
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engineering strain ε is calculated by dividing the total length L with indentation depth 
h as follows: 
 
*
* n
F h
A A A
A L
      ， ，                               (5.1) 
where A is the area of entire pillar, ρ is the areal number density and is estimated as 
19.3/µm2, and An is the cross-sectional area of single TiO2 nanotube. In terms of the 
geometrical parameters of the single TiO2 nanotube given in Table 4.1, An is 
calculated as 8288 nm2. L is the measured length of the TiO2 nanotube pillar. Since 
Ti metal has an elastic modulus of 115 GPa,177 it is more than 20 times larger than 
the elastic modulus of the TiO2 nanotube array determined in Chapter 4 (5.1 GPa). 
Therefore, its deformation is small enough to be ignored in comparison with the 
deformation of TiO2 nanotubes. 
5.3 Results and Discussions 
5.3.1 Compressive Behaviour of Single TiO2 Nanotube 
Given the sharpness of the Berkovich tip (~100nm radius) and the capability of 
the nanoindentation machine Hysitron TI 950 (displacement resolution of 0.04 nm 
and load resolution of 1 nN), nanoindentation tests on single TiO2 nanotubes in the 
array were successfully performed. Figure 5.3(a) shows the typical F–h curves of 
individual nanotubes under axial compression. The initial linear portion of these 
curves indicates an elastic behaviour of each nanotube under compression. After this 
linear stage, obvious displacement bursts occurred in these curves, indicating the 
failure of nanotubes. Figure 5.3(b) gives the SEM image of a deformed single TiO2 
nanotube after uniaxial compression. The wall of the single TiO2 nanotube gets 
fractured by Berkovich tip and the top end of single nanotube is covered by the 
debris. 
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Figure 5.3 (a) F–h curves of single TiO2 nanotube (three samples) under compression with a 
Berkovich tip. (b) The SEM image and schematic illustration of the deformed TiO2 nanotube 
under uniaxial compression. 
Associated with the observed deformation, the displacement bursts appearing 
in the F–h curves should be related to the sudden collapse of nanotube wall. Such 
collapse was also observed in the in-situ compression test of TiO2 nanotubes, and led 
to the drop of recorded force.73 In terms of the cross-sectional area of a single 
nanotube, the averaged fracture strength of the TiO2 nanotube is determined as 0.92 
GPa. This value is close to the fracture strength of a single TiO2 nanotube measured 
by in-situ TEM study (1.09~1.48 GPa).73 The further enhancement of compressive 
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load after the failure stage can be attributed to the densification of single TiO2 
nanotube. 
5.3.2 Compressive Behaviour of Micron-Sized TiO2 Nanotube Pillars 
Following is a discussion on the mechanical behaviour of micron-sized TiO2 
nanotube pillars. The real-time recorded F–h curves of the pillars with different sizes 
are drawn in Figure 5.4(a). By following Equation 5.1, the calculated corresponding 
stress-strain (σ–ε) curves are given in Figure 5.4(b). It can be found that the 
deformation process of pillars is not smooth but is rather a discontinuous process 
accompanied by a number of large displacement bursts, which represent the plateau 
stages in the σ–ε curves. 
Significantly, some small bursts are observed at the beginning of compressive 
strain, ranging from 0 to 5%. These small bursts actually can be attributed to the pre-
existing surface roughness of the TiO2 nanotube array, which is caused by the FIB 
cutting procedure. Therefore, these small curve stages and bursts at the very 
beginning of compression tests cannot represent the typical mechanical performance 
of the whole TiO2 nanotube pillar, and they are neglected for investigation in our 
analysis. After those small bursts, σ–ε curves start rising nonlinearly, followed by a 
series of large displacement bursts. These bursts represent some instability events 
during the compressive deformation of the TiO2 nanotube pillars. The detailed 
deformation process and underlying mechanism of these bursts will be further 
discussed in Section 5.3.3. The F–h curves of all pillars show variations with 
different sizes and larger pillar obviously can sustain more loads. On the other hand, 
the σ–ε curves of all pillars are approaching a similar trend. This indicates the similar 
stress state in all pillars even with different sizes. 
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Figure 5.4 (a) Load-displacement (F–h) curves and (b) stress-strain (σ–ε) curves of micron-
sized TiO2 nanotube pillars with different diameters and under different maximum 
compressive loadings. 
The length of the first large displacement burst and the corresponding yield 
stress extracted from σ–ε curves of all micron-pillars are given in Figure 5.5. The 
length of the first displacement burst ranges from 200 to 500 nm. Due to the 
inevitable differences of single TiO2 nanotubes, for example non-uniform wall 
thickness and different defect densities, there is obvious value scattering of first burst 
lengths in the same-size pillars. There also shows a trend that the burst generated in a 
larger-radius pillar possesses a smaller length. This indicates that these unstable 
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deformation events in larger-radius pillars are quite limited, owing to the stronger 
resistance to the lateral load applied by the newly-formed densified layer (fully 
discussed in the following section), which can result in bending and fracture of outer 
nanotubes. As for the yield stress corresponding to the first displacement burst, 
Figure 5.5 remarkably shows that the yield stress (~ 2.0 GPa) is nearly independent 
of the pillar size. After the first burst, subsequent bursts occur in the σ–ε curves and 
their lengths are in the range of 500 to 2000 nm. The large scattering of burst lengths 
is probably due to the random deformation. They are larger than those of the first 
bursts, indicating the severer deformation of these subsequent bursts. 
 
Figure 5.5 The length and corresponding yield stress of the first large displacement burst in 
the stress-strain (σ–ε) curves as a function of the pillar diameter. 
In general, nano-sized crystalline materials possess strong size dependence of 
their strength, which may rise up to several times when the size decreases to sub-
micron scale.166, 167, 178 The underlying mechanism of such size dependence of 
strength in crystalline materials can be attributed to the fact that the dislocation 
processes are more limited in nano-sized samples than in bulk ones.179 By decreasing 
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the sample size, the plastic deformation activated by dislocation processes can be 
largely constrained, resulting in the enhancement of yield strength. As for some 
amorphous materials without dislocations, such as metallic glasses, they deform by 
the formation and propagation of highly localized shear bands, in which case there is 
a size effect down to 500 nm.149, 176 Below such sample size, yield strength remains 
at a maximum value, which is governed by the highly localized-to-homogeneous 
deformation mode change. 
In our present study, the compressive behaviour of TiO2 nanotube pillars 
indicates that there is no obvious size effect on sequent yield stress, as depicted in 
Figure 5.5. This trend is also observed in porous metal oxide materials, such as AAO 
nano-honeycomb,75 in which both displacement bursts and corresponding stress do 
not show significant dependence.  
5.3.3 Deformation Mechanism of Compressive Behaviour 
Figure 5.6-Figure 5.8 exhibit the pre- and post-deformation images of micron-
sized pillars with different diameters. The figures indicate that deformation happens 
predominantly at the head part of micron-pillars, but not at the other parts of them. 
Under compressive loadings, TiO2 nanotubes get brittle fractured into small 
fragments, and then these small fragments gradually become compacted and form a 
densified layer on the top of the pillar head, as shown in Figure 5.6(b)-Figure 5.8 
(b). Such deformation is similar to the deformation of the TiO2 nanotube array under 
a large-radius spherical tip, as discussed in Chapter 4. This is because the TiO2 
nanotubes are mainly subjected to compressive loading in both cases. However, this 
kind of deformation is not continuous like that observed in the entire TiO2 nanotube 
array. With the increase of compressive loading, the outer nanotubes of micron-sized 
pillars get bent outward and fractured at larger strain (Figure 5.6c-Figure 5.8c). 
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These unstable deformation events are believed to give rise to the obvious bursts in 
the F–h curves (Figure 5.4a).  
 
Figure 5.6 SEM images of the morphologies of a 3-µm TiO2 nanotube pillar (a) before the 
compression test, (b) under 5000 μN and (c) 8000 μN compressive loadings. 
 
Figure 5.7 SEM images of the morphologies of a 4-µm TiO2 nanotube pillar (a) before the 
compression test, (b) under 6000 μN and (c) 10000 μN compressive loadings.  
 
Figure 5.8 SEM images of the morphologies of a 6-µm TiO2 nanotube pillar (a) before the 
compression test, (b) under 10000 μN and (c) 12000 μN compressive loadings. 
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The possible reason lies in the fact that the outer nanotubes lack surrounding 
support, and they are exerted lateral load from the expansion of the densified layer. It 
is known that the densified layer is not fully compacted and consists of many small 
fragments of fractured TiO2 nanotubes. Under compressive loading, the loose 
structure will have a large expansion along the lateral direction, which applies a 
lateral load to the nanotubes and leads to the bending and fracture of the outer 
nanotubes. In the entire TiO2 nanotube array, TiO2 nanotubes always get support 
from adjacent nanotubes during nanoindentation. In such case, there are no obvious 
bursts in the typical F–h curves from nanoindentation tests on the entire array. 
In the post-deformation images (Figure 5.7b-Figure 5.8b), the nanotubes do 
not exhibit any buckling deformation under compressive loading, which is the same 
as the observed deformation of the TiO2 nanotube array investigated in Chapter 4. To 
explain this, we refer to the critical buckling load Fcl of a classical beam, which can 
be determined by the Euler buckling formula: 
 
2
2cl
EI
F
KL

                                                    (5.2) 
where E, I, and L are elastic modulus, area moment of inertia, and length of a beam. 
K is effective length factor, and its value depends on the conditions of end support. 
According to Equation 5.2, the decrease of effective length L*=KL can greatly 
enhance Fcl.  
In the case of the micron-sized pillar, one TiO2 nanotube has close contact with 
neighbouring nanotubes, and the induced strong supporting interaction can lead to 
the much shorter L* and thus larger Fcl, as shown in Figure 5.9. With the increase of 
compressive loading, stress firstly reaches the critical value of nanotube fracture 
before that of mechanical buckling. Therefore, TiO2 nanotubes get fractured without 
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any buckling deformation. The interactions among nanotube/nanowire arrays (i.e. 
van der Waals interaction, direct contact, etc.) always play a notable effect on their 
deformation behaviour. For example, only local buckling can be observed instead of 
global buckling during the deformation of CNT pillars, owing to the strong attractive 
van der Waals forces among them.180 The discussion here can shed light on the 
design of TiO2 nanotube structures with improved mechanical properties. On the 
other hand, the possible trade-off between their mechanical and functional 
performance still need further investigation, which is not the main focus of this thesis. 
 
Figure 5.9 Illustration of buckling loads for single nanotube and nanotube pillar. 
Displacement bursts (unstable deformation events, sometimes called ‘pop-ins’) 
have also been widely observed in the micron-pillars of various materials, such as 
metals,167, 181 metallic glasses,90, 182 and ceramics.75, 183 However, the underlying 
mechanisms behind them are totally different, strongly depending on their 
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deformation modes. For example, the dislocation interactions in nanocrystal metals2 
and discrete emission of shear bands in metallic glasses activate the formation of 
discrete pop-ins. 
As for ceramic materials, the underlying mechanisms of pop-ins also depend 
on the specific material type. For instance, the pop-ins in amorphous soda-lime-silica 
glass are linked to the changes in the short-range atomic arrangements of its glass 
network structure.184 For porous AAO pillars, they are driven by a distorted layer on 
the top, without obvious fracture deformation until at a strain of about 30%.75 
Different to the materials mentioned above, the displacement bursts in porous AAO 
pillars, similar to those in TiO2 nanotube pillars, possess much larger sizes with 
random scattering. As for TiO2 nanotube pillars, the displacement bursts are related 
to unstable deformation events triggered by sudden bending and fracture of outer 
nanotubes. 
5.3.4 Theoretical Model of Compressive Behaviour 
In Chapter 4, a densification model was proposed to predict F–h curves during 
the densification process under a large-radius spherical tip. This model represents the 
nonlinear relation between the external loading and displacement for the TiO2 
nanotube array, following as F~h2.9 under large-radius spherical tip. It also predicts a 
nonlinear relation between stress σ and strain ε as σ~ε1.9. According to the analysis of 
the deformation mechanism in Section 5.3.3, the compression behaviour of TiO2 
nanotube pillars is mainly controlled by brittle fracture and following densification 
before the occurrence of a large displacement burst. In such case, the contribution of 
elastic deformation compared to densification can be neglected. Therefore, σ and ε in 
nanotube pillars should follow the same relation during such a deformation process 
as: 
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      n denC                                                 (5.3) 
where C is a parameter related to the structure of TiO2 nanotubes; n is the 
densification power index, and εden is the strain where densification begins. By fitting 
the experimental σ–ε curves of the 6-μm pillar, as shown in Figure 5.10, we can 
derive the σ~ε relation of σ~ε2.2. The obtained power index n=2.2 for the nanotube 
pillar is close to n=1.9 for the nanotube array. Remarkably, the higher value of n for 
the pillar is due to the fact that the flat punch does not induce any lateral bending of 
nanotubes in the pillar, which can weaken its nonlinear deformation behaviour (the 
reduction of n). The close values of n further validate our proposed densification 
model for predicting the stress-strain relation during densification of TiO2 nanotubes. 
 
Figure 5.10 Stress-strain (σ–ε) curves of 6-μm TiO2 nanotube pillars. The fitted (red) curve, 
following the relation σ~ε2.2, is given as well. 
After the occurrence of obvious displacement bursts, the relation σ~ε2.2 is 
inapplicable to describe the compressive behaviour of the pillars, owing to the failure 
of a nearly-perfect densification deformation. And the σ–ε relation with a smaller 
value of index n governs the deformation behaviour of pillars after the first obvious 
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displacement burst. Differently, however, those much smaller displacement bursts in 
metals and metallic glasses do not significantly change the shape of σ–ε curves, 
indicating the minor role of these bursts in the deformation process. 
5.3.5 Molecular Dynamics Simulation of Compressive Behaviour 
Inter-tube interactions among TiO2 nanotubes play a significant role in the 
deformation of micon-sized pillars. However, it is still challenging to explore such 
interaction and following deformation of single nanotubes using nanoindentation 
technique. Alternatively, molecular dynamics (MD) simulation serves as a powerful 
tool to obtain typical σ–ε curves and investigate the inter-tube interactions and 
corresponding deformation process under compressive loading. In order to perform 
MD simulations, a single TiO2 nanotube model is firstly built by wrapping a TiO2 
thin film to 360° as shown in Figure 5.11(a). Since our previous XRD analysis has 
demonstrated the amorphous structures of our samples, only the amorphous TiO2 
nanotube is taken into consideration in this study. Particularly, amorphous TiO2 thin 
films are carefully prepared with a melt-and-quench procedure, which is widely used 
to build the atomistic models of amorphous solids.185-187 In detail, crystal thin films 
are firstly melted at 10000 K under the NVT ensemble. A rapid quench at a rate of 
4.85 × 1013 Ks-1 is then applied to TiO2 thin films until a temperature of 300 K is 
reached. After another system equilibrium process under the NPT ensemble, the total 
potential energy is minimized with a quadratic line search algorithm until the 
maximum atomic force is below 10-8 eV·Å-1. 
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Figure 5.11 (a) A schematic description of TiO2 nanotube wrapped by TiO2 thin film. (b-c) 
show TiO2 nanotube patterns with nanotube spacing (b) d1=4 Å (pattern 1) and (c) d2=15 Å 
(pattern 2), having the same size of single TiO2 nanotube. Blue dash squares represent the 
periodic boundaries. 
Matsui and Akaogi proposed a Buckingham-type (MA) potential for 
simulations of TiO2 materials.188 Numerous computational studies have demonstrated 
that this MA potential can accurately describe geometries and properties of TiO2 
crystal (i.e. rutile, anatase and brookite) as well amorphous TiO2 structures.189-192 
Comparing different potentials for TiO2 simulation, Collins et al.193 pointed out that 
the MA potential is the most suitable one for TiO2 simulation. It has also been 
applied to simulations of  both nanophase solid TiO2192 and nanophase liquid TiO2.194 
The MA potential includes repulsion and attraction interactions, and pairwise 
additive Coulomb, which can be expressed in the following formula: 
   
 
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ij i j
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where rij is the distance between ions i and j with their charges qi and qj, respectively; 
Ai, Bi and Ci are fitting parameters, and depend on Ti or O ion; and   is a standard 
force of 4.184 kJ Å-1 mol-1. All the potential parameters can be found in Table 5.2. 
Ti and O ions are assigned with constant partial charges of qTi = +2.196 and qO = 
−1.098, respectively. In our MD simulations, the ratio of Ti and O atom numbers is 
exactly 1:2 to keep the charges of all models neutral. Cut-off distances for both ionic 
interaction (first and second terms in Equation 5.4) and Coulomb interaction (third 
term in Equation 5.4) were chosen as 8.0 Å. 
Table 5.2 Potential parameters of MA potential. 
ion A (Å) B (Å) C (Å3·kJ1/2mol-1/2) q (e) 
Ti 1.1823 0.077 22.5 +2.196 
O 1.6339 0.117 54.0 -1.098 
 
In order to overcome the extremely large computational resource required by a 
large number of nanotubes, four regularly-patterned TiO2 nanotubes applied with 
periodic boundary conditions (except the longitudinal direction) are built, as shown 
in Figure 5.11(b)-(c). Each nanotube has the length of 10 nm. Two different 
nanotube spacings were firstly considered to study the effect of inter-tube interaction 
on the compressive behaviour. All MD simulations were carried out using the large-
scale atomic/molecular massively parallel simulator (LAMMPS),195 which has been 
used for simulating mechanical properties of nanomaterials in the previous studies.94, 
196, 197  TiO2-nanotube models were firstly relaxed to a minimum energy state using 
the conjugate gradient energy minimization. Compressive loadings were then 
carefully applied to the models along the longitudinal direction at a strain rate of 
0.1% ps-1 with a time step of 0.5 fs, in order to be consistent with the realistic 
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compression applied by flat punch. The virial theorem198, 199 was also used to obtain 
stress-strain (σ–ε) curves under tensile loadings. The virial stress can be determined 
using the expression: 
1,
1 1
2
j i
ij i j
n
m v v r f     

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where ij
  is the virial stress of atom α;   is atomic volume of atom α; m  is 
atomic mass of atom α; iv
  and jv
  are velocities of atom α along i and j directions; 
jr  is the distance between α and β atoms along i direction; 
jf  is the force applied 
by atom β on atom α along i direction. All atomistic structures and deformation of 
TiO2 nanotubes were visualized by the open-source ATOMEYE package.200 
From MD simulation results, compressive σ-ε curves of TiO2 nanotube patterns 
under uniaxial compression can be extracted. Figure 5.12(a) shows that the nanotube 
spacing plays a significant role in compressive behaviour. Initially, the stress linearly 
depends on the strain (ε<5 %). With increasing strain, the patterns with different 
nanotube spacing have distinctive behaviour. For pattern 1, it possesses a power-law 
stage of σ–ε curve (blue line in Figure 5.12(a)), which is in agreement with the 
densification stage in the typical σ–ε curve of TiO2 nanotube patterns, as shown in 
Figure 5.12(b). Here the nonlinear increase of stress is associated with the 
densification of TiO2 nanotubes, as shown in Figure 5.13(a2). There are also 
obvious inter-tube interactions showing in this stage, while pattern 2 possesses a 
large plateau stage in the σ–ε curve (red line in Figure 5.12(a)), which is similar to 
the instability stage (displacement burst) in the typical σ–ε curve highlighted in 
Figure 5.12(b). 
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Figure 5.12 (a) Stress-strain curves for compression of TiO2 nanotube patterns with different 
nanotube spacings. (b) An illustration of the typical stress-strain curve for the compression 
of the TiO2 nanotube pattern, including the stages of linear elasticity, densification, 
instability (displacement burst) and densification. All stress and strain here are in the 
compressive state. 
According to the atomistic configurations of different deformation stages 
(Figure 5.13(b2)), it can be found that the buckling deformation of nanotubes exits, 
relating to the plateau stage of σ–ε curve. The unstable deformation of pattern 2 can 
be attributed to its larger nanotube spacing, giving rise to insufficient inter-tube 
support and subsequent unstable deformation. 
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Figure 5.13 Snapshots of the TiO2 nanotube pattern 1 at compressive strain (a1) 3%, (a2) 
15%, and pattern 2 at compressive strain (b1) 3% and (b2) 15%. Top and bottom rows show 
atomistic configurations in side and top views, respectively. 
The atomistic models of amorphous nanotubes are nearly perfect, without 
structural flaws or cracks. Thus the compressive loading does not lead to obvious 
fractured segments of TiO2 nanotubes. Under compressive loading, there is no 
instability stage in the σ–ε curve of pattern 1 at large compressive strain up to ε = 0.4. 
In reality, however, synthesis procedure inevitably introduces structural defects 
(cracks) or flaws (such as variation of tube thickness) into TiO2 nanotubes, the stress 
concentration around realistic defects or flaws can give rise to fracture and segments 
of nanotubes. In order to consider this, some cracks are introduced into the model of 
pattern 1. Figure 5.12(a) shows that there is also the plateau stage of defective 
pattern 1, which is similar to that of pattern 2. This can be attributed to the unstable 
deformation of defective nanotubes. Its elastic modulus is also lower than that of a 
pristine one without any defect. Therefore, MD simulation results indicate that 
structural defects deteriorate the compressive behaviour of TiO2 nanotube pillars. 
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5.4 Conclusions 
In summary, we have performed compression tests to investigate the 
mechanical behaviour of micron-sized TiO2 nanotube pillars, with focuses on the 
effects of densification and inter-tube interactions. The fracture strength of a single 
TiO2 nanotube is measured as σf = 0.92 GPa. During compression tests on micron-
sized TiO2 nanotube pillars, the recorded F–h curves remarkably show a series of 
displacement bursts. In contrast to other material pillars such as metals and metallic 
glasses, these displacement bursts mainly result from structural instability during the 
densification process. Different sizes of micron-pillars are taken into consideration as 
well. It is found that the larger pillar displays smaller burst lengths but no apparent 
variation of corresponding yield stress. Before the occurrence of displacement bursts, 
the densification model predicts a nonlinear relation of σ~ε2.2. Specifically, the power 
index n = 2.2 for the nanotube pillar is slightly larger than n=1.9 in the stress-strain 
relation for the nanotube array, which can be attributed to none of the nanotube bend 
under the flat punch. MD simulations are also conducted to explore the inter-tube 
interactions among TiO2 nanotubes. The simulation results demonstrate that the lack 
of interactions among single nanotubes is believed to give rise to the instability 
events (displacement bursts) in the σ~ε curves of micron-sized pillars. Our present 
studies can shed light on the design and practical utilization of TiO2 nanotube arrays 
in biomedical applications. 
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Chapter 6 Scratch Behaviour of TiO2 
Nanotube Array 
6.1 Introduction 
In comparison with pure Ti plate, the TiO2 nanotube array has been confirmed 
to strongly improve cellular activities30, 31 and greatly accelerate the growth of 
osteoblast cells.32 TiO2 nanotube array thus has been regarded as a promising 
candidate for implant material. For biomaterials, their in-vivo stability are crucial for 
the success of a clinical surgery. For example, the mismatch between the mechanical 
properties of bone and implant surface layer can cause bone resorption which will 
result in implant loosening or ultimate failure.33 Wear and relative sliding at the 
interface between bone and the implant can generate particular wear debris 
jeopardizing the stability of the prosthesis.34 Therefore, it is necessary to understand 
the scratch behaviour of the TiO2 nanotube array. 
So far, very few studies have been reported on the scratch properties of TiO2 
nanotube arrays.70-74, 156, 201, 202 Friction coefficient of an anatase TiO2 nanotube array 
was measured as 0.6.201 The fretting fatigue life of a TiO2 nanotube array was also 
studied by Erfan et al.202 They pointed out that an anatase TiO2 nanotube array has a 
better fretting fatigue life than a rutile one, even though the rutile one has much 
higher hardness. These tests were actually undertaken at large scale with multi-
asperity, and only reflect the average response of the entire nanotube array. To obtain 
a fundamental understanding of the scratch behaviour of TiO2 nanotube arrays, a 
single-asperity scratch test at microscale serves as a better choice. The recent 
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progress of nanotechnology, especially in the characterization of material, has 
allowed the systematic studies of scratch problems with high resolution. 
In this chapter, nanoscratch tests are carried out to evaluate the scratch 
properties (i.e. scratch hardness and friction coefficient) of a TiO2 nanotube array. 
The effects of the shape of the indenter tip and applied normal load on their scratch 
behaviour are taken into consideration, respectively. The left nanoscratch 
impressions are carefully observed by scanning electron microscopy (SEM), and the 
associated deformation mechanism is intensively explored. In addition, based on the 
classical friction model, a theoretical relationship is proposed to explain the effects of 
both normal load and the shape of the indenter tip on the friction coefficient of a 
TiO2 nanotube array.  
6.2 Experiment 
Nanoscratch tests were performed by using the same nanoindentation system 
(Hysitron TI 950). A conical tip (with tip radius approximately 1 µm, 90° cone) and 
a spherical tip (with tip radius approximately 5 µm) were used in this study for 
comparison. Since nanoscratch tests were performed in a very small deformation 
range, the sample tilting effect should be considered. To account for this, a scratch 
track of the same length but under a much smaller normal load FN (2 µN) was 
performed before the main scratch test, as shown in Figure 6.1. The sample tilting 
can be estimated based on the measured normal displacement. By subtracting the tilt 
displacement from the total normal displacement data, the sample tilting effect can 
be eliminated in the main scratch test. 
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Figure 6.1 The utilized load function in nanoscratch tests. The red line represents a scratch 
test performed under a small normal load before the main scratch test, in order to account for 
the tilting of sample. 
In the main scratch tests, load-control mode was used and the normal load FN 
was held at a constant value during the scratching process. The resulting lateral load 
FL during scratching was monitored in real-time. According to the definition, friction 
coefficient f can be calculated from lateral load FL divided by normal load FN, 
namely L Nf F F . Different FN were also applied to investigate their effect on f, as 
listed in Table 6.1. After scratch tests, the scratch impressions left on the TiO2 
nanotube array were carefully observed by SEM. 
Table 6.1 The applied normal load FN for conical tip and spherical tip. 
FN (µN) 
for conical tip 
Average 
scratch depth 
(nm) 
FN (µN) 
for spherical tip 
Average 
scratch depth 
(nm) 
100 1202 100 503 
300 1566 500 1192 
500 1621 1000 1230 
700 1784 1500 1270 
1000 2022 2000 1663 
1500 2289 2500 1882 
98 Chapter 6 Scratch Behaviour of TiO2 Nanotube Array 
6.3 Results and Discussions 
6.3.1 Friction Coefficient 
Figure 6.2 shows the measured f with respect to lateral displacement hL under 
different applied FN. These figures indicate that the friction coefficient-lateral 
displacement (f−hL) curves generally have two typical stages in these samples, 
namely initial ascending stage and later fluctuating stage. 
 
Figure 6.2 Friction coefficient f along the scratch direction as a function of lateral 
displacement under different applied FN measured by (a) conical tip and (b) spherical tip. 
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In the first stage, f rises with the increase of hL. This is because the indenter has 
already caused the fracture of some nanotubes ahead in the preloading stage. After 
the scratch begins, the indenter has to pass these fractured nanotubes in order to get 
full contact with the undeformed nanotubes ahead thus resulting in the initial 
ascending stage. With scratch continuing, f−hL curves reach the fluctuating stage. 
Here f−hL curves are unsmooth and fluctuate with hL for both indenters. In particular, 
the value of f measured by the conical tip possesses larger magnitude of fluctuation 
than that measured by the spherical tip. With the increase of FN, the amplitude of 
fluctuation has a decreasing trend. The curve fluctuations can be attributed to the 
abrupt deformation of the TiO2 nanotube array during scratch, which will be further 
discussed in the following section. 
 
Figure 6.3 Friction coefficient f with respect to applied normal load FN for conical tip and 
spherical tip, respectively. 
By averaging the values of f in the fluctuating stage, its dependence on FN for 
different tips is shown in Figure 6.3. In the case of conical tip, f marginally increases 
and then slightly decreases to an average value of about 1.04. In the case of spherical 
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tip, f is nearly independent of FN, with an average value of 0.59. The values of f 
measured by both tips are nearly insensitive to FN. In addition, the value of f 
measured by conical tip is much higher than that by spherical tip. Here the value of f 
similar to its mechanical properties (such as elastic modulus) is tip-dependent, which 
can be attributed to the inhomogeneity of the nanotube-array structure. To further 
understand this, its resistance (hardness) along different loading directions has been 
carefully taken into consideration in the following section. 
6.3.2 Scratch Hardness and Ploughing Hardness 
Hardness is defined as the characteristic ability to resist penetration or abrasion 
by other bodies.203 During the sliding of indenters, both FN and FL supported by a 
TiO2 nanotube array can contribute to their plastic deformation. The normal 
resistance is denoted as scratch hardness Hs, which can be expressed as:204 
N
s
s
F
H
A
                                                        (6.1) 
where As is the projected normal loading area, as illustrated in Figure 6.4. Since only 
half of the tip supports the material during scratch, As is only half of that used for the 
calculation of nanoindentation hardness. 
Besides scratch hardness, the lateral resistance can be related to another type of 
hardness, usually called the ploughing hardness Hp, which is denoted as:204 
L
p
p
F
H
A
                                                        (6.2) 
where Ap is the projected lateral loading area, as illustrated in Figure 6.4. Scratch 
hardness Hs and ploughing hardness Hp describe the penetration resistance of 
materials along normal and lateral directions. 
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Figure 6.4 Schematic illustration of projected normal loading area As and lateral loading area 
Ap for (a) conical indenter, and (b) spherical indenter. 
The evaluated values of Hs and Hp with regard to both scratch depth h and FN 
are given in Figure 6.5. It indicates that both Hs and Hp get enhanced with increasing 
h and FN. This trend is similar to the indentation hardness of the TiO2 nanotube array, 
which is owing to the strengthened resistance resulting from densification. We can 
also find that Hp is larger than Hs at the same values of h and FN. Here the higher Hp 
can be attributed to the structural anisotropy of a TiO2 nanotube array, which has 
stronger lateral resistance than a normal one. The strong lateral resistance comes 
from the row-by-row bending and fracture of nanotubes and the strong interfacial 
interaction among nanotubes.  
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Figure 6.5 Scratch hardness Hs and ploughing hardness Hp as a function of (a) scratch depth 
h and (b) normal load FN for conical tip and spherical tip. 
The hardness difference of both, measured by the two different tips, can also be 
attributed to the anisotropic feature of such highly-ordered nanotubular structures, 
and associated with their distinctive deformation patterns. Such structural anisotropy 
is typical for nanotube/nanowire arrays,205-207 which possess different resistance 
subjected to normal load or lateral load. 
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6.3.3 Deformation Mechanism during Nanoscratch 
The underlying deformation mechanism of the TiO2 nanotube array during 
scratching is now discussed. As outlined in Chapter 4, under pure nanoindentation, 
the tips can lead to the bending, collapse and densification of individual nanotubes. 
Here, the sliding of the indenter can generate a similar deformation process. Under 
scratching, TiO2 nanotubes get bent and fractured row by row. The fallen nanotubes 
are further crushed into small fragments and form a densified layer on the top. Such a 
densified layer can be clearly seen in Figure 6.6-Figure 6.7, and some fractured 
nanotube fragments are also highlighed in the figures. 
 
Figure 6.6 Scratch impressions caused by the conical tip under the normal loads of (a) 300 
μN and (b) 1500 μN. The bottom panel (c-d) exhibits the zoomed-in area marked in the top 
panel (a-b). In (c-d), dash circles highlight fractured and densified tube fragments. 
Notably, such a densified TiO2 layer is not perfectly densified, and has some 
formed cracks, as shown in Figure 6.8(a). This is owing to the special stress 
distribution in the densified layer beneath the indenter.204, 208 In such a case, 
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scratching produces horizontal compressive stress in the densified layer in front of 
the indenter tip, but tensile stress under and behind it, as illustrated in Figure 6.8(b). 
Owing to the low in-plane tensile strength of the densified layer, the induced tensile 
stress can easily give rise to the failure of the densified layer and even the split of 
neighbouring nanotubes beneath the layer, finally forming cracks in the densified 
layer. This is believed to be the reason for the fluctuation of FN and f in the f−hL 
curves. Such kinds of crack were also typically perceived on the friction tracks of 
carbon nanotube arrays, which results in the drop of f.207 
 
Figure 6.7 Scratch impressions caused by the spherical tip under the normal loads of (a) 
1000 μN and (b) 2500 μN. The bottom panel (c-d) exhibits the zoomed-in area marked in the 
top panel (a-b). In (c-d), dash circles highlight fractured and densified tube fragments. 
Comparing scratch impressions left by two tips, the blunter (spherical) tip leads 
to smaller and more uniform debris, while the sharper (conical) tip results in the 
central small debris and outer visible fractured nanotubes. With the increase of FN, 
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more cracks are found within the scratch impressions that come from the greater 
induced tensile stress from the indenter. Within the scratch impressions (Figure 
6.6(c)-(d)), we can see there is no obvious nanotube deformation or surface crack 
adjacent to the scratch impression, implying that there is no obvious in-plane strain 
transfer to the material adjacent to the contact area.  
 
Figure 6.8 (a) The generated cracks (highlighted by red dash circles) in the densified layer. 
(b) Schematic illustration of the stress distribution induced by the scratching of an indenter 
tip. 
6.3.4 Analytical Friction Model 
As to comprehend the effect of FN and the geometry of the indenter tip on the 
scratch behaviour of the TiO2 nanotube array, we firstly discuss the well-developed 
friction model of solid materials. In general, the friction coefficient f can be divided 
into two components, including the adhesion coefficient fadh and the ploughing 
coefficient fplou:209 
adh plouf f f                                                  (6.3) 
The origination of these two components is totally different. The adhesion 
component results from the contact at bi-material interfaces. The ploughing 
component originates from the overall deformation of the solids in contact with the 
tip. When the plastic deformation dominates the total deformation during scratch, fadh 
is much smaller than fplou, revealing the dominant role of fplou in the total f.  Based on 
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the observation of scratch impressions, the tips have already indented into the arrays 
and most deformation is unrecoverable. Therefore, we only consider the ploughing 
component fplou here.  
Given isotropically perfectly-plastic materials, which apply the same mean 
pressure to the tip along all directions, Bowden and Tabor gave the expression of fplou 
for a perfectly conical tip:209  
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where   is the half-included angle of the indenter. Here fplou is only correlated with 
the shape of the indenter. In the case of the TiO2 nanotube array, since the pressure 
applied to the tip is directional- and depth-dependent, fplou cannot be simplified to a 
geometry-dependent value, and should be expressed as:  
 
 
p
s
p p
A p pL
plou
N s ss s
A
p h dA H AF
f
F H Ap h dA

  



                                (6.5) 
where h is the scratch depth; pp and ps are the pressure along lateral and normal 
direction. They are related to h and can be expressed as a function of h. Since 
hardness can be seen as the mean pressure on the contact area, the integration of 
pressure on the contact area can be simplified as the multiplication between hardness 
and the contact area in Equation 6.5. 
From Figure 6.3, it is found that the measured values of f by both tips are 
insensitive to FN. The dependence of f on FN varies for different materials and cannot 
be generalized. For example, f enhances with the increase of FN for ductile polymer 
210 and decreases with the increase of FN for aluminium.211 As for cast iron disk, f is 
independent of FN when FN is smaller than a critical value and then increases with 
the increase of FN.212 In general, the reasons for the influence of FN on f can be 
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classified into three categories:213 (i) persistence of films (i.e. surface adsorbates or 
oxide layer), (ii) the effect of contact pressure on microstructure (i.e. work-hardening 
of metals or phase transformation) and (iii) wear transition. No surface adsorbates 
and obvious wear transition are observed from the obtained scratch impressions. The 
increase of FN is found to have notable effect on hardness, as shown in Figure 6.5. 
The increase of FN will lead to the increase of Hs, which results from the increasing 
densification and substrate effect. At the same time, it will also lead to the increase of 
Hp, which comes from the increasing bending stiffness of nanotubes. From Figure 
6.5(a), the dependences of Hp and Hs on FN have a similar trend. This means that 
both of them are dependent on normal load but the ratio between them is almost 
constant with varying normal load, which makes no influence of f regarding the 
variation of FN. Even though it is difficult to calculate the accurate value of f based 
on Equation 6.5, we can discuss the relative value of f under the same FN, namely 
* 1 2f f f , where f1 and f2 are measured f by the conical tip and the spherical tip, 
respectively. Based on Equation 6.5, we can get: 
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As is discussed above, Hp determined by conical tip is larger than that by 
spherical tip. The lateral resistance of the TiO2 nanotube array comes from the 
bending and collapse of the nanotubes ahead. The more inclined surface of the 
conical tip leads to more nanotubes ahead bent and fractured, which results in the 
much higher Hp. This makes the values of f measured by conical tip much greater. 
6.4 Conclusions 
In this chapter, we have performed nanoscratch tests to explore the scratch 
behaviour of a TiO2 nanotube array, including scratch hardness (normal resistance) 
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Hs, ploughing hardness (lateral resistance) Hp and friction coefficient f. The 
influences of scratch displacement, normal load and the shape of the indenter tip are 
taken into consideration, respectively. These experimental results have shown that 
both Hs and Hp depend on the normal load FN and the shape of the indenter tip, which 
results from the anisotropic feature of such a highly-ordered structure; f is insensitive 
to FN, and also fluctuates with the scratch displacement. Based on the analysis of 
deformation mechanism during scratching, it indicates that bending, collapse and 
densification of TiO2 nanotubes largely contribute to the total lateral resistance. 
Vertical cracks are found along the scratch direction, which causes the fluctuation of 
f. Finally, in terms of classical friction model, we unveil that the much larger 
ploughing hardness measured by the sharper (conical) tip gives rise to the much 
higher f. 
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Chapter 7 Molecular Dynamics Simulation 
of Mechanical Behaviour of 
Single TiO2 Nanotube 
7.1 Introduction 
TiO2 is a multifunctional semiconductor material with large refractive index,214, 
215 high energy-conversion efficiency,178, 216-218 and high photocatalytic activity.219-222 
Nanosized TiO2 has also demonstrated outstanding physical properties. For instance, 
owing to the quantum-size effect,223 the energy gap between the conduction and 
valence bands of TiO2 nanoparticles exhibits a blue shift,224 as compared to the red 
shift shown in bulk semiconductors, including bulk TiO2.225 Different opto-electronic 
properties are also observed for rutile TiO2 nanotubes.226 Recently, TiO2 nanotube 
arrays have demonstrated promising potentials for various applications in sensors, 
dye-sensitized solar cells, molecular filtration, drug delivery and tissue engineering.32, 
59, 63, 227, 228 
To take full advantage of the superior functional properties of TiO2 nanotubes, 
it is critical to maintain the mechanical integrity in relevant structures and devices. A 
better understanding of the mechanical performance of TiO2 nanotubes is essential. 
Recently, the nanoindentation technique has been adopted to explore the mechanical 
behaviour of TiO2 nanotube array. For example, nanoindentation tests have been 
conducted to measure mechanical properties of TiO2 nanotube array deposited on the 
Ti substrate.71, and significant densification and fracture of nanotubes were observed 
in these experiments. In addition, Hirakata and colleagues proposed a stress-based 
fracture model to estimate the fracture strength of TiO2 nanotube arrays.72, 228 
110 Chapter 7 Molecular Dynamics Simulation of Mechanical Behaviour of Single TiO2 Nanotube 
For individual TiO2 nanotubes, compression tests on a single amorphous TiO2 
nanotube inside transmission electron microscopy (TEM) were carried out, and 
reported the elastic moduli of single TiO2 nanotube with different sizes ranging from 
2.2 to 44 GPa.73, 74 However, a tension test on a single TiO2 nanotube by experiment 
has never been done before, owing to the difficulties in grasping the single TiO2 
nanotube. On the other hand, technical challenges still exit in experimentally 
observing the associated deformation and failure process of a material at atomic level. 
Fortunately, molecular dynamics (MD) simulations provide an alternative approach 
to explore the mechanical behaviour of TiO2 nanotubes. They can not only accurately 
predict the mechanical properties of a material based on the appropriate force field or 
potential, but also capture the detailed microstructural evolution during deformation 
at atomic level. 
In this chapter, MD simulations are conducted to investigate the mechanical 
properties (i.e. elastic modulus, fracture strength) of a single TiO2 nanotube. The 
effects of the crystalline structure and geometrical parameters on the mechanical 
properties are taken into consideration, respectively. In addition, the deformation and 
failure mechanisms of both crystalline and amorphous nanotubes are analysed in 
detail. Particularly, the mechanism of great ductility in amorphous nanotubes is fully 
analysed according to their typical microstructures. 
7.2 Simulation Details 
TiO2-nanotube models with different geometrical parameters (i.e. inner radius 
and wall thickness) and microstructures (i.e. crystalline and amorphous) were built 
by seamlessly wrapping corresponding TiO2 thin films, as illustrated in Figure 7.1. 
The axis of the rutile nanotube is set along [0 0 1] direction. The geometrical 
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parameters of these TiO2-nanotube models are listed in Table 7.1. The nanotube 
lengths of all simulation models are chosen as 30 nm.228  
 
Figure 7.1 (a) Schematic illustration of TiO2 nanotube wrapped from TiO2 thin film; (b) 
TiO2 nanotube with rutile structure and (c) TiO2 nanotube with amorphous structure. 
Periodic boundary conditions were applied to all nanotube models along the 
length direction. The amorphous structures of TiO2 models were achieved via a melt-
and-quench procedure, which is very popular for the formation of amorphous 
solids.185-187 Firstly, rutile TiO2 thin films were melted from 300 K to 10,000 K under 
the NVT ensemble. After reaching 10,000 K, the NPT ensemble was performed to 
further equilibrate the system. Then, rapid quenching at a rate of 4.85 × 1013 Ks-1 was 
applied to the TiO2 thin films until 300 K. The present simulation results indicate that 
atomistic structures of amorphous TiO2 thin films are approximately independent of 
quench rates in the range of ~ 1012-1014 Ks-1. Hence, only one quench rate was 
considered here.228 The MA potential described in Section 5.3.5 was also applied in 
the simulation of single TiO2 nanotube. The expression of MA potential is as shown 
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in Equation 5.4. In our MD simulations, the ratio of Ti and O atom numbers was 
exactly 1:2 to keep all models’ charge neutral. Cut-off distances for both ionic 
interaction (first and second terms in Equation 5.4) and Coulomb interaction (third 
term in Equation 5.4) were chosen as 8.0 Å. 
Table 7.1 Geometrical parameters of rutile and amorphous TiO2 nanotubes. 
Rutile 
Inner radius 
(Å) 
Thickness 
(Å) 
Amorphous 
Inner radius 
(Å) 
Thickness 
(Å) 
No. 1 7.7 8.6 No. 1 7.3 10.1 
No. 2 7.4 13.6 No. 2 7.2 14.7 
No. 3 7.3 18.5 No. 3 6.9 19.7 
No. 4 26.6 13.7 No. 4 25.3 14.7 
No. 5 37.5 13.1 No. 5 36.7 14.4 
No. 6 48.4 13.3 No. 6 47.5 14.2 
 
All MD simulations were carried out using the large-scale atomic/molecular 
massively parallel simulator (LAMMPS),195 which has been used for simulating 
mechanical properties of nanomaterials in our previous works.94, 196, 197 TiO2-
nanotube models were firstly relaxed to a minimum energy state using the conjugate 
gradient energy minimization method until the maximum atomic force was brought 
below 10-8 eV Å-1. Tensile loadings were then carefully applied to them along the 
longitudinal direction at a strain rate of 0.1% ps-1 with a time step of 0.5 fs. The virial 
theorem198, 199 was also used to obtain stress-strain (σ–ε) curves under tensile 
loadings. All atomistic structures and deformation of TiO2 nanotubes were visualized 
by the open-source ATOMEYE package.200, 228 
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7.3 Results and Discussions 
7.3.1 Structural Characteristics of Crystalline and Amorphous TiO2 Nanotubes 
The structural characteristics of rutile and amorphous TiO2 nanotubes obtained 
at 300 K have been compared with bulk TiO2 at the same temperature. As observed 
in radial distribution functions (RDFs) (Figure 7.2), bulk rutile has two obvious 
sharp peaks within the bond cut-off radius of RTi-O = 3.0 Å.189 These two peaks 
correspond to two different Ti-O bond lengths (1.9486 Å and 1.9802 Å) in rutile 
TiO2, in agreement with the experiment.228, 229 In Figure 7.2, the RDFs of rutile 
nanotubes have more sharp peaks within the cut-off radius of RTi-O = 3.0 Å. This can 
be attributed to the increased surfaces in TiO2 nanotubes, which consequently result 
in a large number of under-coordinated Ti and O atoms on the surfaces. The RDFs of 
nanotubes are insensitive to nanotube thickness, indicating little change of bond 
length distribution. 
 
Figure 7.2 Radial distribution functions (RDFs) of Ti-O pairs in rutile bulk (ru-bulk) and 
nanotubes (ru-nanotube 1, 2); amorphous bulk (a-bulk) and nanotubes (a-nanotube 1, 2). 
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Figure 7.3 Coordination number distributions of rutile bulk (ru-bulk) and nanotubes (ru-2, 4, 
6), and amorphous TiO2 nanotubes (a-2, 4, 6) with (a) Ti atom centred and (b) O atom 
centred at 300 K. 
In contrast, smooth RDF peaks are observed in amorphous TiO2 (bulk and 
nanotubes), as shown in Figure 7.2. Generally, it is difficult to estimate the accurate 
atom distributions in amorphous material. Petkov et al.230 investigated the atomic 
structure of amorphous TiO2 by electron and X-ray diffraction. They found that the 
first smooth peak in RDFs of amorphous TiO2 centred at around 1.96 Å. The 
simulation in this research also indicates the first smooth peak in RDFs located 
around 1.96 Å, confirming the validation and accuracy of current models. These 
smooth peaks in the amorphous structure can be well explained by the reconstruction 
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of both inner and surface Ti-O bonds during amorphization. Smooth peaks observed 
in RDFs are common for amorphous materials.228, 231-235 
Also investigated were the coordination number distributions of both Ti and O 
atoms in rutile and amorphous TiO2 nanotubes, kTi-O (Ti as the central atom) and kO-Ti 
(O as the central atom). As shown in Figure 7.3, only coordination numbers kO-Ti = 3 
and kTi-O = 6 exist in rutile bulk TiO2, which is accordance with the Ti3O6 unit cell of 
rutile. In rutile nanotubes, the fractions of kO-Ti = 3 and kTi-O = 6 decrease and the 
fractions of under-coordination numbers such as kO-Ti = 1, 2 and kTi-O = 3 become 
non-zero. This occurs because the structure of rutile gets truncated by the surfaces, 
possessing a large number of under-coordinated atoms. To achieve energy 
minimization, these under-coordinated Ti atoms or O atoms tend to interact with 
nearby O atoms or Ti atoms, causing distortion and reconstruction of surface 
microstructure. In the amorphous TiO2 nanotubes, the fractions of kO-Ti = 3 and kTi-O = 
6 decrease more as compared to rutile nanotubes. On the other hand, randomly 
distributed coordination numbers (e.g. kO-Ti = 2, 4 and kTi-O = 5, 7) are observed in the 
amorphous TiO2 nanotubes, which results from the amorphization process. The mean 
coordination numbers 5.89Ti Ok    and 2.88O Tik    are in good agreement with those 
in previous results.228, 230, 234, 236 
7.3.2 Mechanical Properties of Crystalline and Amorphous TiO2 Nanotubes 
To understand the mechanical performance of rutile and amorphous TiO2 
nanotubes, σ–ε curves under tensile loadings are analysed in Figure 7.4. From these 
σ–ε curves, we can see obvious initial linear stages, the slopes of which denote the 
elastic moduli of TiO2 nanotubes. For rutile nanotubes (Figure 7.4(a)), their elastic 
moduli are insensitive to inner radius and thickness, and have values of about 800 
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GPa. They are larger than MD simulation values (~ 688 GPa) of rutile TiO2 
nanowires.228, 237 
 
Figure 7.4 Stress-strain (σ–ε) curves of (a) rutile and (b) amorphous TiO2 nanotubes at 300 
K. Six different sizes for both rutile and amorphous nanotubes are investigated here. 
 For all amorphous TiO2 nanotubes (Figure 7.4(b)), their elastic moduli are 
nearly independent of inner radius and thickness, and have values of approximately 
400 GPa. They are only half of those of rutile nanotubes. The decrease of elastic 
modulus implies that the amorphization in TiO2 nanotubes has strong negative effect 
on their elastic properties, which has also been observed for other amorphous 
ceramics.238, 239 Actually, such a trend can be attributed to the introduction of 
structural distortions or defects (under- and over-coordinated sites) during the 
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amorphization process. The elastic modulus of the TiO2 nanotube has also been 
measured by direct compression tests, which reported its value in the range of 23-44 
GPa.73, 228 Compared to the MD simulation evaluation, the much lower experimental 
result may be owing to pre-existing defects (cracks) in the nanotube samples resulted 
from synthesis process. 
 
Figure 7.5 Snap shots of tensile deformation of rutile TiO2 nanotube 2 from (a) initially 
elastic deformation, (b) crack formation, (c) crack propagation, to (d) total failure under the 
strain range of 2-15%. Distributions of surface stress τs in (e) rutile TiO2 nanotube 1 and (f) 
nanotube 6. 
The stress evolution in TiO2 nanotubes during tensile loading is now elaborated. 
Rutile nanotubes generate approximately linear elastic deformation within a small 
strain range and without any structural failure, (Figure 7.5(a)). Then, a sudden drop 
of stress σ occurs, which is triggered by crack formation in nanotube walls (Figure 
7.5(b)). After reaching fracture strength, nanotube structures cannot sustain any 
further tensile loading until total fracture (Figure 7.5(d)), even though there are Ti-O 
thick chains between segments, as depicted in Figure 7.5(c). Table 7.2 lists fracture 
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strength of rutile nanotubes in the range of σf = 28.6-62.6 GPa. Remarkably, 
increasing the average of inner and outer radius (see Table 7.2) results in the 
enhancement of fracture strength. This trend unveils the possible strong surface 
effect on the fracture strength of rutile nanotubes. The atoms near the surface of the 
crystalline nanotube reside in a local environment different from that in the interior, 
which can result in the non-zero surface stress τs.240 With increasing the average 
radius, such surface stress gets reduced, and subsequently render an enhancement of 
the fracture strength.241 Some metal (i.e. Au, Ni) nanowires present similar surface 
effect on their yield stress.228, 242, 243 
Table 7.2 Fracture strength (or yield stress) of TiO2 nanotubes. 
(GPa) No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 
Rutile  41.0 28.6 36.6 45.3 54.4 62.6 
Amorphous  18.6 18.9 18.2 18.7 19.3 20.2 
 
According to the proposed model for predicting the yield stress of metal 
nanowires, the relation between fracture strength and surface stress state in rutile 
nanotubes can also be understood using the expression:241 
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where Em and Es are the Young’s modulus of the main structure and the free surface; 
w is the nanotube thickness, and can be found in Table 7.1. Since the Young’s 
moduli of rutile nanotubes is insensitive to the nanotube size, the ratio Em/Es is nearly 
a constant value. The value of 0s  is the initial surface stress without tensile loading. 
In line with the distribution of 0s  as given in Figure 7.5(e)-(f), both inner and outer 
free surfaces of rutile nanotubes are under tension ( 0s  are positive). With the 
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increase of tensile loading, τs starts increasing and reaches the critical value 
c
s  when 
the fracture deformation occurs in the rutile nanotube. This is consistent with the fact 
that cracks generate in the outer surface (Figure 7.5(b)) and lead to the total fracture 
quickly. Here the value of cs  is assumed to be constant and independent of the 
nanotube size. According to Equation 7.1, fracture strength σf is hence inverse to 
both thickness w and initial surface stress 0s . In Figure 7.5(e)-(f), the nanotube with 
larger average radius has smaller 0s  and conversely has larger σf, which is in 
agreement with the analysis based on Equation 7.1. 
 
Figure 7.6 Snap shots of tensile deformation of amorphous TiO2 nanotube 2 under stain 
from (a)-(d) 2% to 50%. Distributions of surface stress τs in (e) amorphous TiO2 nanotube 1 
and (f) nanotube 6. 
As shown in Figure 7.4(b), all amorphous TiO2 nanotubes deform linear-
elastically within the strain range of 0-6% (Figure 7.6a). Differently from σ–ε curves 
of rutile nanotubes, however, their σ–ε curves show interesting yield region after 
yield strain εy ≈ 6%, extending to about 30% strain. The corresponding yield stresses 
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σy are around 19 GPa (Table 7.2). In such yield region, stresses slowly decrease from 
around 19 GPa to around 16 GPa. Amorphous nanotube also shows mild deformation 
without obvious cracks, Figure 7.6(b). 
Table 7.3 Material toughness UT of TiO2 nanotubes. 
(GPa) No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 
Rutile  3.4 1.7 4.1 3.1 3.5 5.1 
Amorphous  6.4 5.8 6.4 5.7 6.4 6.2 
 
Such a large yield region in the strain range of 6-30% indicates great ductility 
of amorphous TiO2 nanotubes, compared with rutile ones. After a strain of about 
30%, the formation of cracks starts in nanotubes, resulting in gradually structural 
failure, Figure 7.6(c). Accordingly, stresses tend to decrease quickly and approach 
zero at strain of about 45%, indicating total fracture of amorphous TiO2 nanotubes 
(Figure 7.6d). Even though stresses decrease after 6% strain, these amorphous TiO2 
nanotubes can still bear more tensile stress than rutile ones. Similar to elastic 
modulus, fracture strength and yield stress obtained from MD simulations are about 
one magnitude larger than those from experiments (~3 GPa).72, 228 Such notable 
discrepancy is due to a large number of structural defects in TiO2 nanotubes formed 
during synthesis process in experiments. 
Different to σf of rutile nanotubes, the yield stress σy of amorphous nanotubes 
are nearly independent of the nanotube size. To further understand this, Equation 7.1 
is also utilized for discussion. In Figure 7.6(e)-(f), there is no much change of 
averaged 0s  with respect to the nanotube diameter, and 
c
s  is also assumed to be 
constant. Thus, yield stress σy should be independent of nanotube diameter. This is 
actually consistent with our calculation of σy shown in Table 7.2. Furthermore, σy is 
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also independent of w, which is different from the relation expressed in Equation 7.1. 
Such difference may be due to a slight non-uniform stress distribution in amorphous 
nanotubes, compared to rutile nanotubes. 
Rutile nanotubes have much higher fracture strengths, but get fractured quickly 
without exhibiting any ductility. On the other hand, amorphous nanotubes have 
relatively low yield stresses, but present great ductility within a large range of strain. 
In order to fully understand the balance of fracture strength (or yield stress) and 
ductility, it is necessary to evaluate their material toughness UT, which is the ability 
of a material to absorb energy and plastically deform without fracturing. According 
to the definition of UT, it can be determined by calculating the areas under the σ–ε 
curves, namely 
0
f
TU d
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where εf is the failure strain. By integrating the σ–ε curves shown in Figure 7.4, the 
material toughness UT of both rutile and amorphous nanotubes can be evaluated 
respectively. Table 7.3 indicates that UT of rutile nanotubes shows similar trend to σf 
of them. As for UT of amorphous nanotubes, they are larger than those of rutile 
nanotubes, which can be attributed to the great ductility of amorphous nanotubes. 
Furthermore, UT of amorphous nanotubes is insensitive to the nanotube size, which is 
accordant with the trend of their yield stress σy. The larger values of UT are associated 
with more energy dissipation during deformation, and the corresponding mechanisms 
will be discussed in detail in the following section. 
7.3.3 Deformation Mechanisms of Crystalline and Amorphous TiO2 Nanotubes 
In order to gain further insights into the crystalline orientation dependence of 
elastic modulus and fracture strength (or yield stress), the knowledge of underlying 
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deformation mechanisms of nanotubes is necessary. The atomic structure of a small 
part of rutile and amorphous TiO2 nanotubes was carefully examined. The 
microstructural evolutions under tensile loadings were intensively analysed and 
compared.  
A. Rutile TiO2 Nanotube 
Figure 7.7(b) shows the atomic structure evolution of a small part of a rutile 
nanotube. Under tensile loading, the rutile nanotube shows a short period of elastic 
deformation. Ti-O bonds are only stretched and rotated without bond breaking. When 
the stress reaches the fracture strength (point A), some defects (nanovoids) are 
developed via bond breakings,228 as observed in the atomic structure from inset A in 
Figure 7.7(b). Further increase of load leads to a series of bonds breaking in a 
localized region (inset B in Figure 7.7b), and result in the formation of cracks (inset 
C in Figure 7.7b) and final failure (inset D in Figure 7.7b).  
The brittle behaviour of rutile nanotubes is owing to the lack of plastic 
deformation in crystalline structures, which represents their poor ability to absorb 
energy under tensile loading. Here, the free surface influences their fracture strength, 
but does not result in any ductility of rutile nanotubes. Similar fracture behaviour has 
also been observed in other brittle materials such as graphene and carbon nanotube, 
in which C-C bond breaking, triggers quick crack propagation and subsequently, 
total failure.228, 244-246 In line with the microstructural evolution, it demonstrates that 
the rutile TiO2 nanotube behaves as brittle material. Once structural defects (bond 
breakings) form inside the nanotube, stress concentration exists in the vicinity of 
such defect, and activates emerging crack propagation in a localized region as well as 
final failure of the nanotube. 
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Figure 7.7 (a) The stress–strain (σ–ε) curve of rutile nanotube 6. (b) The microstructural 
evolution of a small part of the nanotube under tensile loading. Insets A-D represent the 
corresponding configurations of A-D points marked in the σ–ε curve. 
B. Amorphous TiO2 Nanotube 
Figure 7.8(b) shows the microstructural evolution of a small part of an 
amorphous TiO2 nanotube. At the very beginning of tensile loading, Ti-O bonds only 
experience stretching and rotation without breaking and the deformation is largely 
elastic. When the stress increases, some Ti-O bonds start to break (inset A in Figure 
7.8b), accompanied by stress drop from the peak in Figure 7.8(a). It is interesting to 
note that significant plastic behaviour is observed in the σ–ε curve. In contrast to the 
rutile nanotube, nanovoids are not localized in the amorphous TiO2 nanotube. They 
generate at different locations, which are considered to be pre-existing defects (e.g. 
under- and over-coordinated sites) and newly-formed defects (bond-broken sites), as 
shown in insets B and C in Figure 7.8(b). The gradual growth and coalescence of 
nanovoids (inset D-E in Figure 7.8b), give rise to the plastic deformation and failure 
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of amorphous nanotubes.228 Particularly, the under- and over-coordinated atoms play 
a critical role in the large plastic deformation of amorphous TiO2 nanotubes. 
 
Figure 7.8 (a) The stress–strain (σ–ε) curve of amorphous TiO2 nanotube 6; (c) The 
microstructural evolution of a small part of amorphous TiO2 nanotube. Insets A-E represent 
the corresponding configurations of A-E points marked in the σ–ε curve. 
Instead of continuous nanovoid growth, some newly-formed nanovoids 
disappear under the tensile loading. For example, those nanovoids shown in inset A 
in Figure 7.8(b) disappear with the loading but other nanovoids emerge at different 
locations, as in inset B in Figure 7.8(b). In other words, these nanovoids can be 
‘repaired’ during deformation.228 To intensively understand this process, the detailed 
repair and microstructural evolution of those remarkable nanovoids in amorphous 
nanotubes are illustrated and discussed in Figure 7.9. If we pay attention to a 
localized area, it is clearly shown that a nanovoid (denoted as G) is firstly formed 
from the breaking of T-O bonds (Figure 7.9b), but it can be repaired later, as shown 
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in Figure 7.9(d). In addition, this process is also accompanied by new bonds forming 
(green bonds denoted in Figure 7.9). After a series of bonds breaking and forming 
(Figure 7.9b-d), defect G gets ‘repaired’ as shown in Figure 7.9(d). 
 
Figure 7.9 Atomic evolution from (a) to (d) in the amorphous TiO2 nanotube under tensile 
loading, illustrating the proposed ‘repairing’ mechanism. Bonds with green colour represent 
newly-formed ones during tensile loading. Blue circle indicates the formation and ‘repairing’ 
of a nanovoid named G. 
Such a ‘repairing’ mechanism is believed to be triggered by the under-
coordinated atoms in the amorphous TiO2 nanotube. Under tensile loading, 
disorderedly organized Ti-O bonds in the amorphous nanotube get stretched, rotated 
or broken. At the same time, the under-coordinated O atoms or surface dangling O 
atoms possessing potential energy are inclined to react with nearby under-
coordinated Ti atoms, presenting as the formation of new bonds. The breaking or 
forming of bonds will change the local structure and atom distribution, as well as the 
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local stress and strain distribution. For example, if a bond gets broken, this will 
release the tensile stress to the section close to it. If this happens near a nanovoid, it 
will cause the shrinkage of the nanovoid. This can benefit the formation of new Ti-O 
bonds across the nanovoid and the ‘repairing’ of it.228  
The continuing competition between nanovoids forming and ‘repairing’ 
contributes to the plastic deformation stage as observed in σ–ε curves. The initial 
dangling O atoms move to an adjacent region by forming new Ti-O bonds. This 
process is similar to the proposed ductility mechanism in small-diameter silica glass 
nanofibers, in which the dangling O atoms move to an adjacent, under-coordinated Si 
site and form a new Si-O bond, identifying as a bond-switching process.228, 247 When 
the combination of adjacent nanovoids into larger ones starts (Figure 7.8b), the 
stress begins to drop. Once a crack forms through the coalescence of a series of 
nanovoids, the corresponding stress gets decreased quickly and the structure finally 
becomes fractured, as depicted by inset D and E in Figure 7.8(b). 
In addition to the ‘repairing’ events in amorphous nanotubes, the ductility 
feature can also be attributed to the significant role of over-coordinated (such as 7-
fold) Ti sites. In Figure 7.10, they facilitate energy dissipation by converting those 
over-coordinated sites back to the regular-coordinated (6-fold) Ti sites during tensile 
deformation, which can effectively enhance local rebonding and relaxation, and 
therefore plasticity beyond the elastic limit.228, 248 Since a small fraction of over-
coordinated Ti sites exist in the amorphous structure, the breaking of excessive Ti-O 
bonds at those 7-fold coordination sites enables the plastic deformation through such 
energy dissipation process. 
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Figure 7.10 (a) Atomic configuration of 7-fold over-coordinated Ti site. Coordination state 
conversion from (b) over-coordinated (7-fold) site to (c) regular-coordinated (6-fold) site. 
Solid blue lines represent the existing Ti-O bonds, and dashed blue line represents the broken 
Ti-O bond. 
Similar events have also been found at over-coordinated Si sites in amorphous 
silica glass, which largely contribute to its brittle-to-ductile transition.247 Even 
though the disordered structure of an amorphous TiO2 nanotube deteriorates its 
elastic modulus and yield stress, its large fraction of under- and over-coordinated 
atoms generate striking energy dissipation by following the respective ‘repairing’ 
and ‘conversion’ mechanisms, and contribute to the great ductility in amorphous 
TiO2 nanotubes. 
Normally, oxide glass and ceramics normally belong to brittle materials. 
Recent experimental studies also exhibited the brittle fracture of amorphous TiO2 
nanotubes.73, 74 However, current MD simulations demonstrate the ductile behaviour 
of amorphous TiO2 nanotubes with small diameter (<10 nm). The difference between 
experimental and simulation results can be attributed to different nanotube sizes 
involved. In MD simulations, nanotube models possess the wall thickness of 1-2 nm 
and large surface-to-volume ratios. Both under- and over-coordinated Ti sites, which 
are close to free surfaces owing to the thinner walls, contribute to the great ductility 
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through energy dissipation. Similar ductility has also been observed in the recent 
tensile test of 5-nm amorphous silica nanofiber, in which free surface assists the 
significant plastic deformation.228, 247 In those experimental studies (with nanotube 
diameter of ~ 100nm and wall thickness of ~ 10nm), however, free surface plays an 
insignificant role in the deformation of nanotubes, and amorphous nanotubes still 
behave as a typical brittle material. In addition, the inevitable large-scale defects 
(cracks), formed during the anodization synthesis process, also play a significant role 
in the brittleness of amorphous TiO2 nanotube in experiments. 
7.4 Conclusions 
In the present work, MD simulations have been conducted to investigate the 
mechanical behaviour of both rutile and amorphous TiO2 nanotubes, with a focus on 
the effects of geometric parameters and crystal structure. The simulation results 
demonstrate that rutile nanotubes possess higher elastic modulus and fracture 
strength than amorphous TiO2 nanotubes. This can be attributed to the introduction 
of defects (under-coordinated sites and over-coordinated sites) in the amorphous 
structure during the amorphization process. However, amorphous TiO2 nanotubes 
surprisingly exhibit greater ductility. When the stress reaches the yield strength, the 
external loading can effectively activate ‘repairing’ from bond reconstructions at 
under-coordinated Ti sites and coordination conversion at over-coordinated Ti sites, 
facilitating energy dissipation, enabling the plastic deformation and preventing 
nanotubes from rapid failure. In addition, we find that fracture strengths of rutile 
TiO2 nanotubes strongly depend on their surfaces. With the increase of the averaged 
nanotube radius, the induced surface stress (tensile) gets reduced and subsequently 
gives rise to an enhancement of the fracture strength. These outcomes are believed to 
be beneficial for practical applications of TiO2 nanotubes in different fields. 
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Chapter 8 Conclusions and Future Work 
8.1 Summary and Concluding Remarks 
Overall, this PhD thesis investigates the mechanical behaviour of the TiO2 
nanotube array using nanoindentation and nanoscratch tests, theoretical analysis and 
molecular dynamics (MD) simulations. To obtain a better understanding of the 
structure-property relation in TiO2 nanotube-based structures, the mechanical 
properties and deformation mechanisms of the nanotube arrays, micron-sized 
nanotube pillars and single nanotubes have been investigated, in comparison with 
other bulk and highly-ordered porous materials. Both experimental and simulation 
results have demonstrated that the deformation and failure behaviour of TiO2 
nanotube arrays are strongly dependent on their structural anisotropy, and different 
from those homogeneous porous materials.  Detailed results and conclusions are 
summarized as follows: 
1. Mechanical behaviour of the TiO2 nanotube array 
 It is found that the load-displacement (F−h) response and mechanical 
properties of the TiO2 nanotube array are strongly dependent on the 
indentation depth. Depth-independent elastic modulus E and hardness 
H of TiO2 nanotube array can be determined at the indentation depth 
within 2.5% of the array height and they are measured as 5.1 GPa and 
93.8 MPa, respectively. With further increase of the indentation depth, 
the strengthened substrate and densification effects should be taken into 
consideration. 
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 It is revealed that the deformation process of the TiO2 nanotube array 
strongly depends on the shape of the indenter tip. Under a Berkovich tip, 
the deformation is dominated by the fracture of nanotubes under 
bending forces via interaction with neighbouring nanotubes, followed 
by the densification process. While under the large-radius spherical tip, 
discrete brittle fracture and densification dominate the deformation.  
 A theoretical model is proposed to predict the F–h curves under a large-
radius spherical tip. Nonlinear relation between load and displacement 
is observed, i.e. F~h2.9. This demonstrates that the deformation of the 
TiO2 nanotube array under indentation is quite different from 
homogeneous solids (F~h1.5) and other highly-ordered porous materials 
(F~h2). The strong nonlinear relation between F and h indicates its 
complicated deformation, which involves the discrete brittle fracture 
and densification process. 
2. Compressive behaviour of the micron-sized TiO2 nanotube pillar 
 The inter-tube interactions greatly influence the deformation of micron-
sized TiO2 nanotube pillars, such as the increasing critical loads for 
buckling. Obviously, owing to the lack of strong interactions with 
surrounding nanotubes, the outer-layer nanotubes in a pillar get much 
easier to bend and collapse. These unstable deformation events are 
associated with a series of large displacement bursts in the F−h curves. 
MD simulations also reveal that the inter-tube interactions play a 
significant role in the compressive behaviour of TiO2 nanotube pillars. 
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 In comparison with a TiO2 nanotube array, the deformation of a 
micron-sized pillar under compression is also featured by brittle 
fracture and densification. Before the occurrence of obvious 
displacement bursts, stress-strain (σ−ε) follows a relation of σ~ε2.2, 
which is obtained from a densification model.  
 The possible size effect in the micron-sized pillars is studied as well. 
For micron-sized pillars with different sizes, no obvious variation of the 
stress corresponding to the initiation of displacement burst is found.  
3. Scratch behaviour of the TiO2 nanotube array 
 The structural anisotropy of the TiO2 nanotube array leads to distinctive 
scratch hardness (normal resistance) Hs and ploughing hardness (lateral 
resistance) Hp. Both Hs and Hp depend on the shape of the indenter tip. 
In addition, the friction coefficient f of such array is found to be tip-
dependent with higher value under a sharper tip, but to be insensitive to 
the normal load.  
 Under scratching, TiO2 nanotubes start to bend followed by fracture 
along the loading direction. The fractured nanotubes are further crushed 
into small fragments and form a densified layer. The densified layer 
contains several cracks normal to the scratch direction. They mainly 
result from the induced tensile stress during tip scratching, and also 
result in the fluctuation of f versus scratch displacement. 
 On the basis of the classical friction model, two components (adhesion 
and ploughing) of friction coefficient f are taken into consideration. In 
particular, the component contributed by plastic deformation 
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(ploughing) dominates the total f. It is also indicated that the much 
larger ploughing hardness Hp measured by the sharper (conical) tip 
gives rise to the correspondingly much higher f. 
4. Mechanical behaviour of the single TiO2 nanotube 
 The crystal structure of a TiO2 nanotube has a strong effect on its 
elastic modulus and fracture strength. Rutile TiO2 nanotubes possess 
higher elastic modulus and fracture strength than amorphous TiO2 
nanotubes. The defects (under-coordinated sites and over-coordinated 
sites) existed in amorphous TiO2 nanotube impedes its ability to reach 
high elastic modulus and yield stress.  
 The deformation of a single TiO2 nanotube also highly depends on its 
crystal structure. The rutile TiO2 nanotube displays typical brittle 
behaviour, while the amorphous one shows surprising ductility under 
the tensile strain up to 30%. A large fraction of under- and over-
coordinated atoms in the amorphous nanotube facilitate the striking 
energy dissipation by achieving the respective ‘repairing’ and 
‘converting’ mechanisms, which both contribute to great ductility. 
 For the nanotubes with different sizes, the effects of surface area on 
their fracture strength have been investigated. The surface with non-
zero surface stress (tensile) influences the fracture strength of the rutile 
TiO2 nanotube. With increasing the average radius, such surface stress 
gets reduced and subsequently renders an enhancement of the fracture 
strength.  
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8.2 Future Work 
The TiO2 nanotube arrays are attracting more and more attention due to their 
promising applications in dye-sensitized solar cells and biomedical materials. A 
comprehensive understanding of the strong structure-property relation in the TiO2 
nanotube array is much required. However, more studies need to be carried out to 
understand the underlying deformation and failure mechanisms and strong structure-
property relations. Some possible topics include: 
 In this thesis, the mechanical behaviour of TiO2 nanotube array, 
nanotube pillars and single nanotube with amorphous structure has been 
investigated through nanoindentation tests. The mechanical behaviour 
of crystalline TiO2 nanotube arrays can be investigated in future study. 
The difference between the mechanical properties and deformation 
mechanisms of crystalline and amorphous nanotube arrays can be taken 
into consideration as well. 
 In future work, the in-situ TEM tensile and compressive tests can be 
conducted to explore the deformation process and failure details of 
single TiO2 nanotubes, as well as the difference between the 
deformation mechanism of crystalline and amorphous nanotubes. The 
size effect on the mechanical properties of single TiO2 nanotubes can be 
further explored using experiment as well. 
 Full-atom MD simulations of TiO2 nanotube arrays require extremely 
large computation resource. To overcome this, in future work, both 
coarse-grained MD models (at meso-scale) and continuum finite 
element models (at macro-scale) can be developed to largely reduce 
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computation time and meanwhile keep the efficient and accurate 
simulations of TiO2 nanotube arrays. 
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